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Preparation of monodisperse nanoparticles on a large quantity is important for identifying 
the properties of the nanoparticles without ambiguity and for beseeching reliable 
application performance. This thesis work therefore focuses on developing new 
preparation methods to produce monodisperse noble metal nanoparticles with 
controllable morphology, size, surface chemistry, composition and composition 
distribution within each particle. Several types of zero-dimensional Ag, Au and Pd 
monometallic nanoparticles and Ag-Au bimetallic nanoparticles as well as their 3-D 
superlattices were fabricated.  
 
A kinetic control strategy was adopted to vary the crystallinity of monometallic Au 
nanoparticles formed by polyol synthesis. Single-crystalline nanoparticles, decahedral 
multiply twinned particles (MTPs) as icosahedral MTPs were all obtainable by simply 
adjusting the HAuCl4 concentration while keeping other environmental factors fixed. 
This kinetic control strategy was then combined with digestive ripening to produce highly 
monodisperse Ag icosahedral MTPs. These Ag icosahedral MTPs were useful as seeds in 
replacement reactions with Au and Pd precursors to form monodisperse Au and Pd 
icosahedral MTPs. The size of Ag, Au and Pd icosahedral MTPs could be varied without 
changes in their morphology and size distribution by fine tuning the conditions of seed-
mediated growth. The as-synthesized Ag, Au and Pd icosahedral MTPs could easily self-




Ag-Au bimetallic nanopartaicles with homogeneous alloy structure and heterogeneous 
Ag@AgAu metal core-alloy shell structure were synthesized by the replacement reaction 
between Ag nanoparticles and HAuCl4. The structure of the final product from the 
replacement reaction depended on the functional attributes of the starting Ag 
nanoparticles as well as the reaction conditions. The synthesis of Ag-Au alloy 
nanoparticles was then improved by a stepwise procedure consisting of reduction of Ag 
ions, digestive ripening, seed-mediated growth and replacement reaction to produce 
highly monodisperse alloy nanoparticles with independently tunable morphology, 
composition, size and surface chemistry. Both truncated octahedral single-crystalline and 
icosahedral multiply twinned Ag-Au alloy nanoparticles were obtained by this procedure. 
Both of them could self-assemble into 3-D superlattices. The packing pattern of the 
nanoparticles comprising the superlattices was dependent on the morphology of the 
nanoparticles.  
 
A simple methodology based on double-layer compression was also used to sort 
electrostatically-stabilized nanoparticles by size, using Ag nanoparticles as an example. 
By progressively changing the ionic strength in the aqueous nanoparticle solution, Ag 
nanoparticles could be sorted into several fractions by size with small size variations in 
each “cut”. The recursive application of this procedure would allow an initially 
polydisperse sample to be transformed into a product with a narrow size distribution. 
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Summary of synthesis conditions and crystallinity 
obtained. 
 
Synthesis conditions for Ag nanoparticles with different 
size. 
 
Atomic percentage of Au, absorbance peak and size of 
nanoparticles. 
 
Preparation details and the sizes of single-crystalline TO 
Ag nanoparticles Ag 0-6. 
 
The starting Ag nanoparticles, Ag/HAuCl4 ratio and the 
composition of Ag-Au alloy nanoparticles with the same 
size. 
 
The starting Ag nanoparticles, Ag/HAuCl4 ratio, and the 
size of Ag-Au alloy nanoparticles with the same 
composition. 
 
Size and composition of Ag@AgAu bimetallic 
nanoparticles. 
 
Average diameter and standard deviation of Ag 



























































Schematic illustration of the total free energy of a 
nanoparticle as a function of the nucleus radius (Cao, 
2004). 
 
Schematic illustration of the formation process of 
colloidal particles (Haruta and Delmon, 1986). 
 
Crystallinity tunable synthesis of Au nanoparticles. A-B: 
TEM and HRTEM images of single-crystalline Au 
nanoparticles; C-D: TEM and HRTEM images of round 
decahedral Au MTPs; E: TEM image of icosahedral Au 
MTPs; F: HRTEM image of a icosahedral MTP along the 
two-fold symmetry axis; Insets in the bottom right corner 
is the schematic illustrations of the icosahedron 
orientated as such. 
 
A: HRTEM image taken near the center of a round 
decahedral Au nanoparticle along the five-fold symmetry 
axis; B: Electron diffraction pattern of a single sub-
crystal in the round decahedral Au particle along the 
five-fold symmetry axis; C: Electron diffraction pattern 
of a whole round decahedral Au nanoparticle along the 
five-fold symmetry axis. 
 
HRTEM images of differently oriented icosahedral Au 
nanoparticles.  A: Along the three-fold symmetry axis; B: 
Along the five-fold symmetry axis. Insets in the bottom 
right corners of these figures are the schematic 
illustrations of the icosahedra in the corresponding 
orientations. 
 
Au nanoparticles synthesized according to condition (B) 
in Table 3.1 showing the concurrent presence of single-
crystal nanoparticles and decahedral MTPs. A: TEM 
image of the Au nanoparticles; B: HRTEM image of a 
typical single-crystalline Au nanoparticle selected 
randomly from the TEM image; C: HRTEM image of a 
typical decahedral Au MTP selected randomly from the 
TEM image. 
 
Au nanoparticles synthesized according to condition (D) 
























































icosahedral MTPs. A: TEM image of the Au 
nanoparticles; B: HRTEM image of a typical decahedral 
Au MTP selected randomly from the TEM image; C: 
HRTEM image of a typical icosahedral Au MTP selected 
randomly from the TEM image. 
 
Au nanoparticles synthesized according to condition (F) 
in Table 3.1 showing the effect of temperature on 
crystallinity. A: TEM image of the Au nanoparticles; B: 
HRTEM image of a typical single-crystalline Au 
nanoparticle selected randomly from the TEM image; C: 
HRTEM image of a typical decahedral Au MTP selected 
randomly from the TEM image; D: HRTEM image of a 
typical icosahedral Au MTP selected randomly from the 
TEM image. 
 
Au nanoparticles synthesized according to condition (G) 
in Table 3.1 showing the effect of the amount of 1, 2-
hexadecanediol in synthesis on crystallinity. A: TEM 
image of the Au nanoparticles. B: HRTEM image of a 
typical decahedral Au MTP selected randomly from the 
TEM image C: HRTEM image of a typical single-
crystalline Au nanoparticle selected randomly from the 
TEM image; D: HRTEM image of a typical 
polycrystalline Au nanoparticle selected randomly from 
the TEM image. 
 
Au nanoparticles synthesized according to condition (H) 
in Table 3.1 showing the effect of the 
oleylamine/HAuCl4 ratio on the crystallinity of Au 
nanoparticles.  
 
A: UV/Vis absorption spectrum of Ag icosahedral 
nanoparticles; the inset shows a digital picture of the Ag 
organosol.  
 
A: TEM image of Ag icosahedral nanoparticles 
synthesized at 200oC; B-D: HRTEM images of Ag 
icosahedral nanoparticles in different orientations. B: 
Along the two-fold symmetry axis; C: Along the three-
fold symmetry axis; D: Along the five-fold symmetry 
axis; Insets in the upper right corners of these figures are 
the FFT patterns of the HRTEM images; Insets in the 
bottom right corners of these figures are the schematic 






















































A: TEM image of the mixture of icosahedral and 
decahedral Ag MTPs; B: HRTEM image of the mixture 
of icosahedral and decahedral Ag MTPs; C: TEM image 
of the mixture of icosahedral and decahedral Ag MTPs 
and single-crystalline TO nanoparticles; B: HRTEM 
image of the mixture of icosahedral and decahedral Ag 
MTPs and single-crystalline TO nanoparticles.  
 
A: TEM image of monodisperse Ag icosahedral 
nanoparticles; B: HRTEM image of an isolated Ag 
icosahedral nanoparticle. 
 
A: UV/Vis absorption spectrum of Au icosahedral 
nanoparticles. The inset is the digital photo of the Au 
organosol; B: EDX spectrum of the Au icosahedral 
nanoparticles; C: TEM image of monodisperse Au 
icosahedral nanoparticles; D: HRTEM image of an 
isolated Au icosahedral nanoparticle.  
 
A: UV/Vis absorption spectrum of Pd icosahedral 
nanoparticles. The inset is the digital photo of the Pd 
nanoparticles in toluene. B: EDX spectrum of the Pd 
icosahedral nanoparticles; C: TEM image of 
monodisperse Pd icosahedral nanoparticles; D: HRTEM 
image of an isolated Pd icosahedral nanoparticle. 
 
A: TEM and HRTEM images of monodisperse Ag 
icosahedral nanoparticles synthesized by seed-mediated 
growth. A-B: addition of 0.002 mmol Ag atoms; C-D: 
addition of 0.004 mmol Ag atoms.  
 
A: TEM image of a 3-D superlattice of Ag nanoparticles 
assembled on the copper grid; B: The FFT pattern of the 
superlattice; C: The electron diffraction pattern of the 
superlattice: D: TEM image of a two-layer superlattice; 
E: Schematic representation of the two-layer superlattice; 
F: SEM image of a superlattice formed in the solution; 
G: high-magnification SEM image of the superlattice 
formed in the solution. 
 
TEM image of Ag nanoparticles; Inset shows the 
HRTEM image of a Ag nanoparticle.  
 
A: EDX spectrum of alloy nanoparticles from AgAu-2; 
B: The change of atomic percentage of Au with the 

























































 A: Normalized UV-Visible spectra of Ag, Au and alloy 
nanoparticles. The inset shows the change of absorbance 
peak with the atomic percentage of Au; B: photos of Ag-
1, AgAu-1, 2, 3 and 4 and Au nanoparticles (from right 
to left). 
 
A-D: TEM images of nanoparticles from AgAu-1, 2, 3 
and4. 
A: HRTEM image of a nanoparticle in AgAu-2; B: 
Electron diffraction(ED) pattern of nanoparticles from 
AgAu-2; The inset shows the diffraction pattern from Ag 
nanoparticles. The four rings (from inner to outer) 
correspond to the 111, 200, 220 and 300 reflections. 
 
The change of the alloy nanoparticle size with the 
volume of 1mM HAuCl4 solution. 
 
TEM images of 40% Au alloy nanoparticles with 
different size. A: 2.8nm(AgAu-5), 4.6nm(AgAu-6), 
6.2nm(AgAu-7), 9.1nm(AgAu-8). 
 
TEM image of Ag-Pd alloy nanoparticles. 
A: TEM image of Ag nanoparticles prepared by NaBH4 
reduction; B: HRTEM image of a Ag nanoparticle 
prepared by NaBH4 reduction, the topmost inset shows 
the FFT pattern of the HRTEM image, the middle inset 
shows the schematic diagram of a TO, the bottom inset 
shows the TO as viewed from the <110> direction; C: 
TEM image of Ag nanoparticles prepared by polyol 
synthesis D: HRTEM image of a Ag nanoparticle 
prepared by polyol synthesis, the inset shows the 
schematic illustration of an icosahedron.  
 
A: TEM image of Ag nanoparticles prepared by NaBH4 
reduction after digestive ripening with  dodecylamine; B: 
HRTEM image of a Ag nanoparticle prepared by NaBH4 
reduction after digestive ripening C: TEM image of 
polyol-synthesized Ag nanoparticles after digestive 
ripening; D: HRTEM image of a polyol-synthesized Ag 
nanoparticle after digestive ripening. 
 

























































reduction after digestive ripening using oleylamine; B: 
TEM image of Ag nanoparticles prepared by NaBH4 
reduction after digestive ripening using dodecanethiol.  
 
TEM images of single-crystalline Ag nanoparticles with 
different sizes. A-F: Ag-1, 2, 3, 4, 5 and 6. Inset in Fig. 
6.4F shows the HRTEM image of a Ag nanoparticle in 
Ag-6. 
 
A typical EDX spectrum of Ag-Au alloy nanoparticles. 
 
A: TEM image of the single-crystalline Ag-Au alloy 
nanoparticles; B: HRTEM image of a typical single-
crystalline Ag-Au alloy nanoparticle; C: TEM image of 
the icosahedral Ag-Au alloy MTPs; D: HRTEM image of 
a typical icosahedral Ag-Au alloy MTP viewed along the 
three-fold symmetry axis. 
 
Ag-Au alloy nanoparticles of the same size but different 
compositions. A-D: TEM image of Ag0.75Au0.25, 
Ag0.50Au0.50, Ag0.25Au0.75 and Ag0Au1.0; E: Absorption 
spectra of Ag nanoparticles and Ag0.75Au0.25, 
Ag0.50Au0.50, Ag0.25Au0.75 and Ag0Au1.0, the inset shows 
their corresponding digital pictures; F: Changes in the 
location of the absorbance peaks of alloy nanoparticles 
with Au fraction. 
 
TEM images of Ag-Au alloy nanoparticles with the same 
composition but different size. A-D: Ag0.50Au0.50-1, 2 3 
and 4. 
 
A: TEM image of oleylamine-protected Ag-Au alloy 
nanoparticles; B: HRTEM image of an oleylamine-
protected Ag-Au alloy nanoparticle; C: TEM image of 
dodecanethiol-protected Ag-Au alloy nanoparticles; D: 
HRTEM image of a dodecanethiol-protected Ag-Au 
alloy nanoparticle.  
 
Superlattice composed of single-crystalline TO Ag-Au 
alloy nanoparticles with [100]SL projection of fcc 
structure A: Low-magnification TEM images of a typical 
superlattice; B: High-magnification TEM image of the 
superlattice; C: Corresponding FFT pattern of the 
superlattice; D: Corresponding electron diffraction 
pattern of the superlattice; E: Schematic representation of 

























































Superlattice composed of single-crystalline TO Ag-Au 
alloy nanoparticles with [111]SL projection of fcc 
structure A: Low-magnification TEM images of a typical 
superlattice; B: High-magnification TEM image of the 
superlattice; C: Corresponding FFT pattern of the 
superlattice; D: Corresponding electron diffraction 
pattern of the superlattice; E: Schematic representation of 
the packing pattern of the nanoparticles comprising the 
superlattice. 
 
Superlattice composed of single-crystalline TO Ag-Au 
alloy nanoparticles with [110]SL projection of fcc 
structure A: Low-magnification TEM images of a typical 
superlattice; B: High-magnification TEM image of the 
superlattice; C: Corresponding FFT pattern of the 
superlattice; D: Corresponding electron diffraction 
pattern of the superlattice; E: Schematic representation of 
the packing pattern of the nanoparticles comprising the 
superlattice. 
 
Superlattices formed by icosahedral Ag-Au alloy MTPs. 
A: TEM image of a typical multi-layer superlattice 
formed by icosahedral Ag-Au alloy MTPs; B: FFT 
pattern of the superlattice; C: TEM image of a typical 
two-layer superlattice formed by icosahedral Ag-Au 
alloy MTPs; D: Schematic representation of the 
superlattice; D: Diffraction pattern of the superlattice.  
 
A: TEM image of the Ag nanoparticle seeds; B: HRTEM 
image of a starting Ag nanoparticle, the inset shows the 
corresponding diffractogram. 
 
A-D:TEM images of AgAu-1 to AgAu-4 nanoparticles; 
E: HRTEM image of a AgAu-3 nanoparticle, the inset is 
the corresponding diffractogram; F: normalized 
absorbance spectra of Ag nanoparticles and AgAu-1 to 
AgAu-4 nanoparticles, the inset shows the corresponding 
digital photos. 
  
EDX spectrum of the bimetallic nanoparticle 
 
A-C: HRTEM images of bimetallic nanoparticle formed 
150 seconds after the addition of HAuCl4 as viewed from 




































corresponding schematic illustrations of  the bimetallic 
nanoparticles. 
 
A-C: HRTEM images of the bimetallic nanoparticles 
formed 360 seconds after the addition of HAuCl4 as 
viewed from the  <111>, <100>, and <110> directions; 
D-F: corresponding schematic illustrations of  the 
bimetallic nanoparticles. 
 
Evolution of the absorption spectra of bimetallic 
nanoparticles. 
 
A: UV-visible absorption spectra of citrate-stabilized and 
MBSA-capped Ag nanoparticles; B: Digital pictures of 
citrate-stabilized and MBSA-capped Ag nanoparticles.  
 
 TEM image and histogram of MBSA-protected Ag 
nanoparticles before size-sorting. 
 
 TEM image and histogram of Ag nanoparticles after the 
size sorting. A-D: Ag1-4. 
 
TEM image and histogram of Ag nanoparticles obtained 
from recursive size-sorting. 
 
 TEM image of the superlattice formed by monodisperse 























Formation of Au nanoparticles with different crystal. 
 
Procedure for preparing monodisperse Ag, Au and Pd 
icosahedral nanoparticles and their 3-D superlattices. 
 
Overview of the steps in the preparation of monodisperse 
Ag-Ag alloy nanoparticles with tunable morphology, 
size, composition and surface chemistry and their 
assembly into 3-D superlattices. 
 
Schematic illustration showing the shape and 
composition evolution of Ag@AgAu metal core-alloy 
shell bimetallic nanoparticles. The green and cyan planes 
represent the {111} and {100} facets of Ag; the yellow 
and blue planes represent the {111} and {100} facets of 
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CHAPTER 1  
INTRODUCTION 
 
1.1 Background  
Nanomaterials are fertile grounds for scientific discoveries and explorations since 
nanoscale materials often exhibit properties significantly different from those of single 
atoms and their bulk counterparts (Burda et al., 2005). Among the various nanomaterials, 
those composed of noble metals are of particular interest because their size- and shape-
dependent properties are valuable to a wide range of applications (Schimid and Chi, 1998; 
Bonnemann and Richards, 2000). One of the most interesting examples is the optical 
properties of Ag/Au nanoparticles arising from surface plasmon resonance (SPR) 
(Andersen et al., 2002). The size- and shape-dependent optical properties make nanogold 
and nanosilver useful as sensors, biomarkers, and the building blocks for photonic, 
optical and optoelectronic devices (Daniel and Astruc, 2004; Hutter and Fendler, 2004). 
The other well-cited example is the enhanced catalytic properties of most noble metal 
nanoparticles in chemical and electrochemical reactions (Roucoux et al, 2002; Astruc et 
al., 2005). 
 
The properties of noble metal nanoparticles can be tuned by their size, crystallinity, 
morphology and surface chemistry (Burda et al., 2005). In addition, the properties of 
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noble metal nanoparticles can also be modified by combining two metals within a single 
particle to form bimetallic nanoparticles to reap the benefit of synergistic interactions 
(Toshima and Yonezawa, 1998). Different combinations of metals and variations of 
composition and composition distribution provide further facilities for property tuning to 
meet the needs of the intended applications. 
 
In order to fully utilize the versatile properties of noble metal nanoparticles and to obtain 
reliable performance in technological applications, it is necessary to be able to produce a 
large quantity of monodisperse nanoparticles with good control of composition, size, 
crystallinity, morphology and surface chemistry. First of all, monodispersity is essential 
for identifying properties without the ambiguity caused by sample heterogeneity (Yin and 
Alivisatos, 2005). In addition, reliable performance in technological applications can only 
be expected from monodisperse nanoparticles (Murray et al., 2002). Yet another 
motivation for producing monodisperse nanoparticles is the possibility of superlattice 
formation by self-assembly, which provides yet another avenue for modulating material 
properties using the interactions between proximal nanoparticles to give rise to new 
collective phenomena (Murray et al., 2001; Courty et al., 2005; Pileni et al., 2006; 
Talapin et al., 2007). Although the dictionary definition of monodisperse requires that 
particles be identical or indistinguishable, a relaxed definition is often used in practice. 
Samples with standard deviations ≤ 5% in size are usually referred to as monodisperse 
since at this level of size variability the nanoparticles can form superlattices by self-
assembly (Murray et al., 2000).  
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The large number of methods available for nanoparticle synthesis can be broadly 
classified into top-down and bottom-up approaches. 
  
1.2 Top-down and bottom-up approaches 
In the top-down approach, nanoparticles are produced by splitting the corresponding bulk 
materials into small pieces. One typical top-down approach is attrition or milling. This 
method can produce a large quantity of nanoparticles but the shape and size of the 
nanoparticles cannot be well controlled (Cao, 2002). Another top-down approach is 
lithography including photolithography (PL) and electron beam lithography (EBL) 
(Hicks et al., 2005).  Lithography is a powerful technique that can create nanoparticles 
with well defined size, shape and spacing on a substrate. However, this technique suffers 
from either low feature resolution (PL) or extremely high cost (EBL) (Eustis and El-
Sayed, 2006).  
 
In the bottom-up approach, the nanoparticles are built atoms-by-atoms. The bottom-up 
approach usually employs solution-phase colloid chemistry for the synthesis. In a typical 
colloidal synthesis, atoms of the desired component are produced in the solution at very 
high supersaturations to induce the assimilation of these atoms into particles to reduce the 
system Gibbs free energy. Due to the flexibility in selecting different reducing agents, 
particle capping agents, solvent systems as well as synthesis conditions, colloidal 
synthesis offers a great variety of options for composition, shape, size and surface 
chemistry control (Cushing et al., 2004). The bottom-up approach is therefore most 
suitable for delivering monodispersity of the nanoparticles (Murray et al., 2000; Park et 
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al., 2007). Furthermore, colloidal synthesis does not require expensive equipment and can 
be easily scaled up for quantity production relatively inexpensively. With all these 
advantages, the bottom-up approach has become the main route to nanomaterial 
production. 
 
1.3 Problem definitions 
Colloidal synthesis of nanoparticles is still in early stages of development and an 
atomistic level understanding of the nucleation and growth processes of the nanoparticles 
is still lacking. Although colloidal synthesis has the potential to produce a large quantity 
of monodisperse nanoparticles with well controlled composition, size, shape and surface 
chemistry at low cost, many problems still exist and have to be resolved before its 
potential may be fully realized.  Below are some of the current problems in colloidal 
synthesis: 
 
1. Face-centered cubic (fcc) noble metal nanoparticles can display a number of different 
crystalline structures including single-crystalline nanoparticles, decahedral multiply 
twinned particles (MTPs) and icosahedral MTPs. The crystallinity of the 
nanoparticles not only affects the optical, electronic and chemical properties of the 
nanoparticles but also shape development. Since we have yet to establish the 
methodology for nanoparticle crystallinity control, most current preparations would 
result in a mixture of nanoparticles with different crystallinities, although one type of 
particles may dominate in the product. This makes it difficult to identify the effects of 
twins and their distribution inside a nanoparticle on particle properties, and to explore 
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the use of controlled crystallinity for technological applications. The need for a 
strategy for crystallinity control is clear and immediate. 
2. The orderly arranged twins inside noble metallic MTPs and the preponderance of 
{111} planes and ridges on the particle surface are largely responsible for the 
enhancements in electronic, optical and catalytic properties. Currently, the synthesis 
of monodisperse icosahedral MTPs remains a great challenge. Icosahedral MTPs are 
usually formed amidst particles with other morphologies and non-uniform sizes. This 
makes it difficult to unambiguously associate the sample properties with the 
icosahedral geometry, and to exploit them for technological applications. There is 
definitely a need to develop new methods of preparation for monodisperse 
icosahedral metal MTPs. 
3. Bimetallic alloys nanoparticles are of interest because composition modulation 
provides yet another dimensionality in property tuning. Currently, synthesis of Ag-Au 
alloy nanoparticles with well controlled morphology, composition and size is a 
challenge. One problem related to the current methods of preparation is poor control 
of particle morphology since nucleation and growth in alloy nanoparticles is a more 
complex phenomenon. Another problem is that the size and composition of the alloy 
nanoparticles cannot be independently varied. The size of the alloy nanoparticles is 
usually altered when the composition of the particles is changed. This makes it hard 
to quantify the dependence of alloy nanoparticle properties on composition or size 
alone.  
4. Currently bimetallic nanoparticles are often fabricated as alloy nanoparticles where 
the two constituent metals are mixed at the atomic level or as core-shell nanoparticles 
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where the two components are separated by distinct phase boundaries. It is known 
that bimetallic nanoparticles with the same overall composition but different 
composition distributions can exhibit different properties. It is difficult to produce 
bimetallic nanoparticles other than core-shell or alloy structure based on the current 
methods.  
5. For nanoparticles synthesized by the current colloidal method with a broad size 
distribution, the uniformity of sizes may be improved through some size-sieving 
processes. Unfortunately, most of these separation-based methods do not work well 
with electrostatically stabilized nanoparticles. There is a need to develop effective 
size-sorting processes especially for the electrostatically stabilized nanoparticles. 
 
1.4 Objectives and scope  
The principal objective of this thesis study is to address the above problems by 
developing new synthesis methods to produce monodisperse noble metal nanoparticles 
with controllable morphology, size, surface chemistry, composition and composition 
distribution within each particle.  Monometallic Ag, Au nanoparticles and bimetallic Ag-
Au nanoparticles are used as examples. Ag and Au were chosen not only because of their 
broad application values but also because their unique optical properties make it 
convenient to characterize intermediate and final products in the synthesis by UV/vis 
spectroscopy. The shape of the synthesized nanoparticles is exclusively zero-dimensional 
nanospheres which could be easily assembled into 3-D superlattices. The specific 
research activities carried out in this project include the following: 
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1. The development of a synthesis strategy to tune the crystallinity of monometallic 
nanoparticles, by using Au nanoparticles as an example. Single-crystalline Au 
nanoparticles, decahedral Au MTPs and icosahedral Au MTPs with uniform 
crystallinity were synthesized under kinetic control by a modified polyol process; 
2. The synthesis of highly monodisperse monometallic icosahedral MTPs and their 3-D 
superlattices. The kinetic control strategy developed in (1) was combined with a 
digestive ripening process to produce monodisperse icosahedral monometallic MTPs; 
3. The synthesis of hydrophilic Ag-Au alloy nanoparticles with tunable compositions 
and sizes. The Ag-Au alloy nanoparticles were prepared by replacement reaction 
between very fine Ag nanoparticles and HAuCl4; 
4. The synthesis of highly monodisperse hydrophobic Ag-Au alloy nanoparticles with 
independently tunable composition, size, morphology and surface chemistry and their 
assembly into 3-D superlatttices. The alloy nanoparticles were prepared by a stepwise 
procedure consisting of reduction of Ag ions, digestive ripening, seed-mediated 
growth and replacement reaction. The morphology, monodispersity, size and 
composition were controlled in different steps, thus leading to the overall good 
control of all of them; 
5. The synthesis of Ag@AgAu metal core alloy shell nanoparticles with tunable shell 
composition. This type of bimetallic nanoparticles was formed by carefully 
controlling the synthesis conditions and the attributes of the starting Ag nanoparticles 
in the replacement reaction between Ag nanoparticles and HAuCl4. The evolution of 
the bimetallic nanoparticles was monitored by microscopic and spectroscopic 
techniques; 
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6. The development of a size-sorting method that could narrow the size distribution of 
electrostatically stabilized nanoparticles prepared by un-optimized colloidal synthesis. 
Size-selective aggregation of the nanoparticles by double-layer compression was the 
principle used to separate the nanoparticles by size.  
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CHAPTER 2  
LITERATURE REVIEW 
 
This chapter aims to provide a succinct but up-to-date account of major topics relevant to 
the production of monodisperse Au or Ag monometallic nanoparticles as well as Ag-Au 
bimetallic nanoparticles. These topics are presented in four sections. The discussion 
begins with the general principles of monodisperse nanoparticle formation. This is 
followed by a survey of current methods of preparation of monometallic Au and Ag 
nanoparticles; and Ag-Au bimetallic nanoparticles including alloy, core-shell and hollow 
nanoparticles, in two consecutive sections. The chapter concludes with the discussion of 
the size-sorting of nanoparticles formed by conventional colloidal synthesis methods. 
 
2.1 Fundamentals of formation of monodisperse nanoparticles 
Understanding the fundamentals of monodisperse nanoparticle formation could help us 
develop improved synthesis methods to form products with the desired composition, size 
and morphology. This section summarizes the known mechanisms for particle formation 
and the general strategies used to improve the monodispersity of nanoparticles. While 
nucleation and growth of nanoparticles are closely coupled processes, they are discussed 
separately for the sake of simplicity. 
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2.1.1 Nucleation 
When the concentration of a monomeric species in a solvent exceeds its equilibrium 
solubility, a segregated solid phase is formed to reduce the Gibbs free energy (Cao, 2004). 
The change in the Gibbs free energy can be calculated by equation 2-1. 
          Vv Gr ∆−=∆ 334πµ                                                            (2-1) 
VG∆  in the equation is the change in the Gibbs free energy per unit volume of the solid 
phase. However, this energy reduction is counter-balanced by the introduction of surface 
energy associated with the formation of a new phase. The increase in the free energy of 
the system due to new surface creation is given by equation 2-2. 
          γπµ 24 rs =∆                                                                  (2-2) 
γ  in the equation is the surface energy per unit area. The change in the Gibbs free energy 
for the formation of a new nucleus can be expressed by equation 2-3. 




Figure 2.1 Schematic illustration of the total free energy of a nanoparticle as a function 
of the nucleus radius (Cao, 2004). 
                                                                                                                                                  Chapter 2 
 11
 
Figure 2.1 shows schematically the change in the total Gibbs free energy as a function of 
nucleus radius. From this Figure, it may be deduced that supersaturation does not 
necessarily lead to the formation of stable new nuclei. The newly formed nucleus is 
stable only when its radius exceeds a critical size. *G∆ is the energy barrier that a 
nucleation process must overcome and this energy barrier is important to the production 
of monodisperse nanoparticles. 
 
 
Figure 2.2 Schematic illustration of the formation process of colloidal particles (Haruta 
and Delmon, 1986). 
 
In order to prepare monodisperse nanoparticles, burst nucleation strategy is often 
employed. This concept was first proposed by LaMer et al. to prepare monodisperse 
sulfur hydrosol (LaMer and Dinegar, 1950) and was used by several groups later to 
prepare monodisperse nanopraticles (Murray et al., 1993; Peng et al., 1998; Peng and 
Peng, 2002). In order to elucidate how the energy barrier for nucleation induces a burst 
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nucleation, LaMer divided the formation of the colloidal particles into three stages, as 
portrayed in Figure 2.2. In the first stage, the concentration of monomers builds up and 
increases with time. Precipitation does not occur even under supersaturated conditions 
due to the energy barrier for spontaneous homogeneous nucleation. In the second stage, 
the degree of supersaturation is high enough to overcome the energy barrier for 
nucleation, thus resulting in the formation of a large number of nuclei. When the rate of 
monomer consumption exceeds the rate of monomer supply, the monomer concentration 
decreases until it reaches the level at which the net nucleation rate is zero. Below this 
level, the system enters the third stage, where nucleation is completely stopped and the 
particles keep growing as long as the solution is supersaturated. Burst nucleation will 
occur if the nucleation rate of the particles is extremely rapid in the second stage. In that 
case, all the particles nucleate almost simultaneously and grow under the same conditions. 
Since all the particles in the system have the same growth history, their size will be 
uniform.   
 
There are two techniques that utilize burst nucleation to synthesize monodisperse 
nanoparticles in organic solutions: hot-injection and heating-up methods. The hot-
injection technique was introduced by Bawendi and co-workers in their report on the 
synthesis of cadmium chalcogenide nanocrystals (Murray et al., 1993). In that particular 
work, burst nucleation was induced by the rapid injection of a large amount of precursor 
into a hot surfactant solution. During the nucleation process, the monomer concentration 
in the solution decreased sharply; stopping the nucleation quickly to initiate synchronous 
growth. This hot-injection method has been widely used to synthesize nanocrystals of 
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metal chalcogenides (Talapin et al., 2002), transition metals (Hambrock et al., 2002), and 
noble metals (Jana and Peng, 2003). In the heating-up method, the reactants, surfactants 
and solvent are mixed at a low temperature and then heated up to an elevated temperature 
to initiate the burst nucleation (Seo et al., 2003; Park et al., 2004). The heating-up method 
is particularly advantageous for large-scale production because of its simplicity. This 
method may be involved in the formation of intermediate, the dissociation of which to the 
monomer is highly sensitive to temperature. Since most nanoparticles do not undergo this 
temperature-sensitive intermediate, the report on the synthesis of monodisperse 
nanoparticles using this method is limited. 
  
2.1.2 Growth 
If all of the particles in a system can nucleate simultaneously, the final product will be 
monodisperse. Unfortunately, this rarely happens in practice because the formation rate 
of the monomer is usually not fast enough for burst nucleation to occur under the 
preparative conditions. Nucleation and growth often take place concurrently at the start of 
the reaction, leading to nanoparticles with different growth histories, and hence different 
final sizes. Therefore, size distribution focusing growth is needed to improve the 
monodispersity of the nanoparticles. 
 
Modeling the size regulation of colloidal particles during growth was pioneered by Reiss 
as early as 1950 (Reiss, 1950). After that, Sugimoto conducted intensive theoretical 
studies on the size distribution focusing growth of colloid particles (Sugimoto, 1978; 
Sugimoto, 1987). These earlier models are oversimplified for nanoparticles since the 
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reaction kinetics of crystal growth and its dependence on particle size were not 
considered. Talapin incorporated these factors in his model and deduced Equations 2-4, 
2-5 and 2-6 (Talapin et al., 2001a; Talapin et al., 2001b). 
























RTK γ2=                                                                        (2-5) 
           [ ] 0/ flatbulk CMS =                                                                       (2-6)                                                    
*r and τ in equation 2-4 are the dimensionless radius of nanoparticles and dimensionless 
time, respectively. K is a dimensionless parameter describing the ratio between diffusion 
and reaction rate constant. Its value provides an indication of the controlling step in the 
growth of the particle (diffusion controlled K<<1; reaction controlled K>>1); S is a 
dimensionless parameter describing the supersaturation of the monomer in solution. From 
these equations, several principles about the control of the size distribution of 
nanoparticles may be concluded: 1) decreasing the ratio between the rate of diffusion and 
rate of precipitation reaction will enhance size distribution focusing; 2) increasing the 
degree of over supersaturation will enhance size distribution focusing. 
 
2.1.3 Oswald ripening 
When the reactants in the solution are depleted due to particle growth, a phenomenon 
known as Ostwald ripening will occur (Smet et al, 1997; Talapin et al., 2001). With the 
decrease in the supersaturation of the monomer, the corresponding critical nuclei size 
increases and it will exceed the size of some small particles in the solution. In that case, 
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any particles smaller than this new critical size will dissolve and the particles larger than 
the new critical size will continue to grow. The dissolution of small particles and growth 
of large particles will lead to a broader size distribution.  
 
2.2 Syntheses of monometallic Ag and Au nanoparticles 
There are a large number of publications on the synthesis of Au and Ag nanoparticles. 
Most of the synthesis methods for Au nanoparticles and Ag nanoparticles share many 
common features. Hence the discussion on the synthesis of Au and Ag nanoparticles will 
be based on the methods of preparation rather than the type of nanoparticles produced.  
 
Among the conventional methods of synthesis of Au and Ag nanoparticles, the most 
popular one for a long time has been the citrate reduction of the metal precursors in water, 
which was introduced by Turkevich in 1951 (Turkevich et al, 1951). In this method, Au 
or Ag nanoparticles are synthesized by refluxing the aqueous solution of the 
corresponding precursors and citrate for about an hour. In a later modification of this 
method, the size of Au or Ag nanoparticles was varied by changing the precursor/citrate 
mole ratio (Frens, 1973). This method is simple and environmentally friendly. It is often 
used even today when a rather loose shell of ligands is required around the metal core. 
However, one problem with this method is the nanoparticles can only be prepared at low 
concentrations (~1mM). In addition, the nanoparticles prepared by this method are 
relatively large. The average diameter of Au nanoparticles is often larger than 12nm and 
that of Ag nanoparticles larger than 50nm. In order to prepare smaller citrate-protected 
Au or Ag nanoparticles, NaBH4 is used as the reducing agent in the presence of citrate 
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(Yang et al., 2005; Yang et al., 2006). NaBH4 reduction can synthesize Au nanoparticles 
of ~5 nm and Ag nanoparticles of ~10nm. However the Au or Ag nanoparticles 
synthesized by the NaBH4 reduction method usually suffer from poor monodispersity, 
which limits their usability in applications. 
  
The two-phase method developed by Schiffrin and coworkers represents one the most 
notable progresses in the synthesis of Au or Ag nanoparticles (Brust et al., 1994). The 
common practice is to first transfer the metal ions from the aqueous solution to an 
alkanethiol solution in toluene by a phase transfer agent such as tetraoctylammonium 
bromide (TOAB), and then carry out the reduction with NaBH4 aqueous solution under 
vigorous stirring. This method can produce Au and Ag nanoparticles on the gram scale. 
On the surface of the as-synthesized Au and Ag nanoparticles, the alkanethiol molecules 
self-assemble into a closed packed monolayer. Hence the nanoparticles prepared by this 
method are usually referred to as monolayer protected clusters (MPCs). The most 
important feature of MPCs is that they can be repeatedly isolated and re-dispersed into 
many common nonpolar solvents without irreversible aggregation or decomposition. 
These nanoparticles can be easily handled and functionalized just like common organic 
compounds (Hoseterler et al., 1996; Templeton et al., 2000). Due to the attractive features 
of the MPCs, the results of Brust triggered a flurry of research into thiol-stabilized of Au 
and Ag nanoparticles (Terrill et al., 1995; Whetten et al., 1996; Johnson et al., 1998; 
Porter et al., 1998; Templeton et al., 2000). Murray and coworkers found that vigorous 
stirring, fast addition of reducing agent and conduction of the reaction at room 
temperature would favor the production of small nanoparticles with low polydispersity. 
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(Hostetler et al., 1998). Whetten and coworkers found that the quantitative reduction of 
Au(III) to Au(I) by the thiol ligands prior to addition of NaBH4 aqueous solution was 
important to delivering small particles with narrow size distributions (Whetten et al., 
1999). Thiols aside, other ligands such as amines (Heath et al., 1997), thioethers (Hasan 
et al., 2002) and isocyanates (Horswell et al., 2001) have also been used as the protective 
agents in MPC synthesis. In spite of these efforts, the direct synthesis of monodisperse 
Au and Ag nanoparticles (standard deviation less than 5%) using this method has not 
been reported. The presence of the monolayer on the particle surface allows the MPCs to 
withstand the rigor of post-synthesis size-sorting processes, allowing nanoparticles with 
standard deviations less than 5% to be produced (Whetten et al., 1996). Zanchet et al. 
studied the microstructure of the MPCs and found that they consisted of single-crystalline 
nanoparticles, multiply twinned particles (MTPs) with decahedral and icosahedral 
geometries as well as polycrystalline particles (Zanchet et al., 1998).  
 
Single-phase methods were also developed to synthesize Au and Ag MPCs. There are 
two common approaches to single-phase synthesis. In one route, the NaBH4 reduction of 
metal ions is performed in water/methanol solutions in the presence of a hydrophilic 
protective agent such as tiopronin and mercaptosuccinic acid (MSA) (Chen and Kimura, 
1999; Templeton et al., 1999). In another route, a hydrophobic reducing agent is used to 
reduce the metal ions in an organic solvent in the presence of an alkanethiol (Jana and 
Peng, 2003; Rowe et al., 2004; Zheng et al., 2006). Several hydrophobic reducing agents 
have been used: hydrazine, tetrabutylammonium borahydride (TBAB) and amine-borane 
complexes. In the single-phase synthesis of MPCs, the reduction of metal ions as well as 
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the nucleation and growth of nanoparticles take place homogeneously in a selected 
solvent rather than at the two-phase interface, thus leading to a better control of the 
nucleation and growth of the nanoparticles. Therefore, single-phase synthesis could 
produce nanoparticles with better monodispersity than those synthesized by the two–
phase methods. 
 
Polyol reduction synthesis is another simple and yet versatile route to the preparation of 
metal nanoparticles (Wiley et al., 2005a). Ethylene glycol is the most common polyol 
used for the preparation of Au and Ag nanoparticles where it serves as the reducing agent 
and solvent. Poly(vinylpyrrolidone) PVP is usually added as the capping agent as well as 
shape directing agent in ethylene glycol reduction. Since the reduction capability of 
polyol is highly temperature dependent, temperature, together with the concentrations of 
precursors and capping agents, are often used for size control (Silvert et al., 1996; Silvert 
et al., 1997). One of the most attractive features of polyol synthesis is that Au and Ag 
nanoparticles with different shapes may be produced, including single-crystalline 
nanoparticles with cubic, octahedral, cuboctahedral and tetrahedral geometries and MTPs 
with decahedral, icosahedral and truncated icosahedral geometries (Sun and Xia, 2002; 
Kim et al., 2004; Wiley et al., 2005b; Tao et al., 2006; Xu et al., 2008). The shape of the 
nanoparticles is likewise controllable by temperature and concentrations of metal 
precursors and capping agents. Impurities such as HCl, NaCl and Fe ions could also be 
introduced to vary the shapes of the nanoparticles. These impurities can influence the 
shapes of nanoparticles in two ways: They may selectively etch nanoparticles with twins 
(Im et al., 2005; Lee et al., 2005; Wiley et al., 2005; Siekkinen et al., 2006) or they may 
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change the relative growth rates in different crystallographic directions (Kim et al., 2004). 
Besides ethylene glycol, 1,2-hexahecanediol was also recently used to reduce Ag ions in 
the presence of oleylamine in dichlorobenzene to form hydrophobic Ag nanoparticles 
(Yin et al., 2006). The as-synthesized oleylamine-protected Ag nanoparticles were 
cubooctahedral single crystals. 
 
Synthesis of Au or Ag nanoparticles in microemulsions or reverse micelles has also been 
attempted. As a thermodynamically stable system, microemulsions and reverse micelles 
provide a favorable microenviroment for nanoparticle preparation by exchanging the 
micellar contents via a fusion–redispersion process and preventing the aggregation of 
nanoparticles (Wilcoxon and Abrams, 2006). The microemulsion synthesis of metal 
nanoparticles was first reported by Boutonnet (Boutonnet et al., 1982) and then extended 
by Pileni and coworkers (Petit et al., 1993; Taleb et al., 1997). The latter employed the 
sodium bis(2-ethylhexyl)sulfosuccinate (AOT) microemulsion system to synthesize Ag 
nanoparticles ranging from 2 to 10nm by changing the water/AOT ratio. The standard 
deviation of the as-synthesized Ag nanoparticles was ~40%. The polydisperse Ag 
nanoparticles were then extracted to an organic solvent by thiol transfer and then 
subjected to a size selection process to narrow their size distribution. Wilcoxon and 
coworkers found that reverse micelles in the absence of water could be used to produce 
nanoparticles with a better monodispersity than common microemulsions (Wilcoxon et 
al., 1993; Wilcoxon et al., 1998; Wilcoxon et al., 2001). They synthesized Au and Ag 
nanoparticles using didodecyldimethyl ammonium bromide (DDAB) reverse micelles in 
toluene. They found that the addition of alkanethiol prior to metal ion reduction would 
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produce smaller particle size and better monodispersity (Wilcoxon and Provencio, 2003). 
While synthesis of nanoparticles in microemulsions and reverse micelles provide a 
simple means for size control, the crystallinity and shapes of the nanoparticles are usually 
not well controlled.  
 
The synthesis of metal nanoparticles in dendrimers has drawn increasing interest. In this 
method, the dendrimer is used as the template to control the size, stability and solubility 
of nanoparticles (Crooks et al., 2001). The most common dendrimers used include 
poly(amidoamine) (PAMAM) and poly(propyleneimine) (PPI). Au and Ag nanoparticles 
stabilized by these dendrimers have been synthesized by several groups and their 
applications as sensors and catalysts have been explored (Zhao and Crooks, 1999; Grohn 
et al., 2000; Zheng and Dickson, 2002; Kim et al., 2004). The size of the nanoparticles is 
determined by the mole ratio of metals atoms to dendrimer molecules. One unique feature 
of nanoparticles stabilized by dendrimers is that they are confined primarily by steric 
effects, and therefore a substantial fraction of their surface is unpassivated. This feature 
makes them more suitable for surface applications such as catalysis (Crooks et al., 2001). 
The dendrimer branches can be used as a selective gate to control the access of molecules 
to the encapsulated nanoparticles in the catalytic reaction. This method is usually used to 
produce nanoparticles smaller than 5 nm because of the limit of space in the dendrimer 
molecules.  
 
In addition to the reduction of metal ions, thermal decomposition of organometallic 
compounds in the presence of surfactants is another approach to the synthesis of metal 
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nanoparticles. Yang and coworkers synthesized Ag nanoparticles by the decomposition 
of silver trifluoroacetate in isoamyl ether in the presence of oleyl acid (Lin et al., 2003). 
The size of the Ag nanoparticles could be varied from 7-11 nm with standard deviations 
of 8.5-10.7%. Size tuning was achieved by changing the mole ratio of oleic acid to silver 
trifluoracetate. In a recent report by Xia and coworkers, the authors synthesized Ag 
nanoparticles of 11nm and 14nm by the decomposition of silver trifluoroacetate in 
dichlorobenzene using oleylamine as the protective agent (Lu et al., 2007). The Ag 
nanoparticles were dominated by MTPs with icosahedral and decahedral geometries. 
Since only single reactant was involved in the reaction, this method eliminated system 
inhomogeneity, which is unavoidable at the start of reactions requiring the mixing of two 
or more co-reactants. Therefore, nanoparticles synthesized by this method usually have a 
narrow size distribution. The problem with this method is that there are very few 
commercially available organometallic precursors. As a result, there is no report of 
synthesis of Au nanoparticles using this method as yet.  
 
Klabunde and coworkers developed a digestive ripening process to prepare monodisperse 
Au and Ag nanoparticles from polydisperse nanoparticles that are synthesized by 
physical or chemical methods (Stoeva et al., 2002; Smetana et al., 2005; Stoeva et al., 
2007). In this process, polydisperse metal nanoparticles and a large excess of alkanethiol 
(mole ratio of metal/thiol=1:30) are mixed in an organic solvent and then the mixture is 
refluxed under argon for an extended period of time. Different solvent systems may be 
chosen to control the temperature of digestive ripening. For example the size distribution 
of Au nanoparticles was narrowed to standard deviation<0.5nm by refluxing in toluene 
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for 1.5 hour. For Ag nanoparticles, 4-tert-butyl toluene was the solvent and 48 hours of 
reflux was needed to achieve standard deviation <0.5nm. The size-refined nanoparticles 
could form 2-D and 3-D superlattices by self-assembly due to the small variations in their 
sizes. This process is significantly different from the well-known Oswald ripening, in 
which large particles keep growing while smaller particles dissolve. This difference may 
be attributed to the etching effect of the large quantity of ligands (digestive ripening 
agents) in the digestive ripening process (Lin et al., 2000). Klabunde and coworkers 
conducted extensive experimental study on this interesting process. The final size of Au 
nanoparticles in digestive ripening was found to depend on the alkyl chain length of the 
thiol molecule (Prasad et al., 2002). The average particle size varied from 4.5nm to 
5.5nm when the digestive ripening agent was changed from C8SH to C16SH with a 
maximum size for C10SH. Other ligands such as amines, silanes and phosphines, could 
also be used as digestive ripening agents for Au nanoparticles (Prasad et al., 2003). The 
final sizes of Au nanoparticles using these ligands as digestive ripening varied from 7.2 
nm to 8.6 nm with standard deviation ~1.0nm. These authors also applied digestive 
ripening to Au nanoparticles synthesized by reverse micelles and by the solvated metal 
atom dispersion (SMAD) method. It was found that Au nanoparticles obtained from 
digestive ripening of nanoparticles synthesized by reverse micelle method were 
predominantly single crystalline nanoparticles whereas those obtained from digestive 
ripening of nanoparticles synthesized by the SMAD method were mixtures of 
nanoparticles with different morphologies (Stoeva et al., 2003). Generally, digestive 
ripening is a potent method to produce highly monodisperse metal nanoparticles on a 
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large scale. One problem with this method is that so far it cannot produce nanoparticles 
with arbitrary shapes and sizes.  
 
2.3 Syntheses of Ag-Au bimetallic nanoparticles 
Ag-Au bimetallic nanoparticles can be fabricated in two distinctively different structures. 
One is alloy nanoparticles where the two metals are mixed on the atomic scale and 
another is core-shell nanoparticles where the two metals are minimally mixed and a clear 
phase boundary exists between the two metals (Toshima and Yonezawa, 1998). Besides 
these two types of structures, Ag-Au bimetallic nanoparticles with alloy shell and hollow 
interiors were also synthesized recently. The synthesis of these bimetallic nanoparticles is 
summarized below. 
 
2.3.1 Alloy nanoparticles 
The most common approach to synthesize Ag-Au alloy nanoparticles is the co-reduction 
of Ag and Au precursors in presence of a protective agent or in a microemulsion. Ag-Au 
alloy nanoparticles with different compositions, sizes and surface chemistries have been 
synthesized by several groups using this method. Typically the citrate reduction of a 
mixture of Ag+ and AuCl4- is used to produce hydrophilic Ag-Au alloy nanoparticles 
protected by citrate ions (Link et al., 1999; Devarajan et al., 2004; Liu et al, 2005; Kim et 
al., 2005). The size of the alloy nanoparticles synthesized by citrate reduction is often 
larger than 20nm. Murphy and coworkers synthesized citrate-protected Ag-Au alloy 
nanoparticles smaller than 10nm by using NaBH4 as the reducing agent (Mallin and 
Murphy, 2002). Hydrophobic Ag-Au alloy nanoparticles have also been synthesized by 
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several groups using the two-phase method (Hostertler et al., 1998; Han et al., 1998; Kim 
et al., 2003). The precursors and Ag and Au are first transferred from water to an organic 
solvent by TOAB, followed by the addition of NaBH4 aqueous solution under vigorous 
stirring. One major problem associated with the co-reduction method is the formation of 
AgCl precipitate since the solubility product of AgCl is very low at ambient temperature 
(<10-10). This not only makes it difficult to precisely control the composition of the alloy 
nanoparticles, but also causes contamination of the product. In order to circumvent this 
problem, non-chlorine containing Au(AOT)3 and AgBr2- have been used as Au and Ag  
precursors respectively (Kim et al., 2003; Kariuki et al., 2004). Chen et al. also 
synthesized Ag-Au alloy nanoparticles by co-reducing HAuCl4 and AgNO3 with 
hydrazine in a water-in-oil mircroemulsion (Chen and Chen, 2002). Ag-Au nanoparticles 
synthesized by this co-reduction method usually have a broad size distribution since the 
size control of bimetallic nanoparticles is more complex than that of monometallic 
nanoparticles. Another problem associated with the co-reduction method is that the 
composition and size of the nanoparticles cannot be independently varied. Varying the 
composition of the alloy nanoparticles invariably brings about the change in particle size, 
and vice versa.  
 
Dendrimers have also been used to template the synthesis of Ag-Au alloy nanoparticles. 
Crooks and coworkers first reported the synthesis of Ag-Au alloy nanoparticles stabilized 
by PAMAM (Wilson et al., 2004). Esumi and coworkers found that no AgCl precipitation 
occurred in the preparation of PAMAM-stabilized Ag-Au alloy nanoparticles even 
though the product [Ag+][Cl-] solubility exceeded the solubility product of AgCl. This 
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was attributed to the strong interaction between the terminal amine groups of PAMAM 
and AuCl4- (Endo et al., 2005).  Besides PAMAM, PPI is another dendrimer that has been 
used to synthesize Ag-Au alloy nanoparticles in ethanol by UV irradiation (Esumi et al., 
2005). 
 
In addition to chemical synthesis, Ag-Au alloy nanoparticles could also be produced by 
the biological method. Sastry and coworkers synthesized Ag-Au alloy nanoparticles by 
the fungus Fusarium oysporum (Senapati et al., 2005). The as-synthesized Ag-Au alloy 
nanoparticles had a broad size distribution ranging from 8-14nm. The composition of the 
alloy nanoparticles depended not only on the ratio between Ag+ and AuCl4- in the feed, 
but the concentration of Nicotinamide adenine dinucleotide (NADH) in the system. The 
biological synthesis of Ag-Au alloy nanoparticles does not involve hazardous chemicals 
and the nanoparticles synthesized by this method are particularly suitable for biological 
applications.  However, one major drawback of this method is the slow rate of the 
reduction reaction that leads to particles with a very broad size distribution. 
 
Several laser-based techniques have also been developed to prepare Ag-Au alloy 
nanoparticles. The synthesis of Ag-Au alloy nanoparticles using laser was first reported 
by Papavassilou (Papavassilou, 1976). Hartland and coworkers also synthesized 
homogeneous Ag-Au alloy nanoparticles upon the laser irradiation of Au@Ag core-shell 
nanoparticles (Hodak et al., 2000). The formation of the alloy nanoparticles in this 
process is due to laser-induced heating which melted the core-shell nanoparticles into 
homogeneous alloy nanoparticles. Other groups followed suit and found that laser 
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irradiation of a mixture of colloidal Ag and Au monometallic nanoparticles could also 
form homogeneous Ag-Au alloy nanoparticles (Chen and Yeh, 2001; Izgaliev et al., 
2004a). Bozan-Verduraz and coworkers studied the dynamics of alloy formation in this 
process and found that the formation of the alloy nanoparticles could be divided into two 
stages (Izgaliev et al., 2004b). In the first stage, Ag and Au nanoparticles form a transient 
phase upon collision under the influence of laser irradiation. The transient phase contains 
Ag and Au nanoparticles in close contact but without alloy formation. In the second stage, 
homogeneous alloy nanoparticles are formed via atomic rearrangement. Another 
technique to produce Ag-Au alloy nanoparticles is the laser ablation of bulk Au-Au 
alloys (Lee et al., 2001). The size of the alloy nanoparticles in laser ablation can be varied 
by changing the pulse energy and the ablation time. Generally, these laser-based methods 
are inherently expensive because of the laser equipment and yet the resulting alloy 
nanoparticles often display broad size distributions. 
 
One interesting method to prepare Ag-Au alloy nanoparticles is the digestive ripening 
process that was recently reported by Klabunde and coworkers (Smetana et al. 2006). In 
this method, Ag-Au alloy nanoparticles are synthesized by refluxing a mixture of Ag & 
Au monometallic nanoparticles in 4-tert-butyl toluene for 17 hours in the presence of a 
large excess of docanethiol under argon environment. The size of the Ag-Au alloy 
nanoparticles synthesized by the Klabunde group was 5.6±0.5nm. The method is 
appealing because it can produce Ag-Au alloy nanoparticles with a very narrow size 
distribution. In addition, this method does not have the problem of AgCl precipitation and 
can produce alloy nanoparticles in high concentrations. While it holds these attractive 
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features, this method also has its drawbacks. One problem is that the size of the alloy 
nanoparticles cannot be tuned easily. Although the authors theorized that the size of alloy 
nanoparticles may be changed by using other digestive agents, it is difficult to obtain 
alloy nanoparticles with customizable sizes in practice because of the limited availability 
of digestive agents. Moreover, this method could not control the morphology of the alloy 
nanoparticles. 
 
2.3.2 Core-shell nanoparticles 
Core-shell nanoparticles are usually synthesized by the seed-mediated method, also 
known as the successive reduction method. Both Au@Ag and Ag@Au core-shell 
nanoparticles with different core sizes and shell thicknesses have been synthesized by this 
method by many groups (Mulvaney et al., 1993; Srnova-Slouflva et al., 2000; Mallik et 
al., 2001; Lu et al., 2002; Huang et al., 2004; Shankar et al., 2004; Xu et al., 2005; ). In 
this method, the core metal nanoparticles are first formed by the methods described in 
section 2.2 and then used as seeds. The atoms of the second metal are deposited on the 
seed nanoparticles of the first metal through the reduction of their precursors in the seed 
particle solution. The shell thickness could be varied by changing the mole ratio between 
the two metals. In this process, the rate of the formation of the second metal atoms cannot 
exceed their deposition rate on the seeds, or else the second metal may nucleate to form 
monometallic nanoparticles.  
 
In order to prevent the formation of new nuclei of the second metal, Sastry and coworkers 
proposed an alterative strategy to prepare Au@Ag nanoparticles (Mandal et al., 2003). In 
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their method of preparation, Keggin ions were used as UV-switchable reducing agent and 
immobilized on the surface of the Au nanoparticles in aqueous solution. Then the Ag ions 
were added to the solution and were reduced to atoms when the solution was irradiated 
with UV. As the Ag atoms were all formed near the Au nanoparticle surface, they were 
readily deposited on the Au particle surface, thus preventing the formation of Ag nuclei. 
Besides Keggin ions, the Sastri group also used tyrosine immobilized on as the Au 
nanoparticle surface as the reducing agent to synthesize Au@Ag nanoparticles 
(Selvakannan et al., 2004). This method is only suitable for the synthesis of core-shell 
nanoparticles with a very thin shell due to the limit amount of reducing agent. 
 
Liz-Marzan and coworkers synthesized onion-like multi-layer Ag-Au core-shell 
nanoparticles by applying the seed mediated method in succession using the products of 
one batch as the seeds for the second batch (Rodriguez-Gonzalez et al., 2005). Au@Ag, 
Au@Ag@Au and Au@Ag@Au@Ag nanoparticles were synthesized using ascorbic acid 
as the reducing agent and cetyltrimethylammonium (CTAB) as the protective agent. They 
found that although the deposition of Ag on Au maintains the pseudo-spherical geometry 
of the particles, the deposition of Au on Ag surface leads to the preferential formation of 
polygonal particles with sharp facet intersections.  
 
2.3.3 Hollow nanoparticles 
Xia and coworkers developed a method to produce Ag-Au bimetallic nanoparticles with 
porous alloy shell and hollow interiors by the replacement reaction between Ag 
nanoparticles and Au precursors (Sun et al., 2002; Sun and Xia, 2002). In the replacement 
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reaction, Ag nanoparticles serve as both reducing agents and sacrificial templates. When 
Au precursors and Ag nanoparticles are mixed in the solution, the Au precursors are 
reduced to atoms and these atoms deposit on the surface of Ag nanoparticles. The Au 
atoms that deposit on the Ag nanoparticle surface could quickly alloy with the underlying 
Ag atoms. Meanwhile, Ag atoms inside the particle lose electrons to form Ag+ and 
diffuse out into the bulk solution through the pinholes in the shell, leading to hollow 
nanoparticles (Sun and Xia, 2003; Sun and Xia, 2004). The replacement reaction can be 
carried out in either aqueous phase or an organic solvent to produce hollow nanoparticles 
with different surface chemistry (Yin et al., 2006; Kim et al., 2008). Ag nanoparticles 
with various morphologies have been used as templates to produce the corresponding 
hollow nanoparticles. These Ag nanoparticle templates include single-crystalline 
nanocubes, nanospheres and nanoprisms, decahedral and icosahedral MTPs as well as 
polycrystalline nanoparticles (Sun et al., 2002; Sun and Xia, 2002; Sun and Xia, 2003; 
Chen et al., 2006; Lu et al., 2007; Kim et al., 2008). The pinholes in the shell of the 
hollow nanoparticles usually occurred at the most active sites on the surface of the Ag 
templates. In a very recent work of Xia group, the authors found that both AuCl2- and 
AuCl4- could be used as precursors to produce hollow nanoparticles and the hollow 
nanoparticles generated from AuCl2- had thicker shells than those produced from AuCl4- 
(Au et al., 2008). 
 
2.4 Size sorting of nanoparticles 
Most nanoparticles synthesized by the above methods often display a broad size 
distribution. As an alternative to developing new synthesis routes, a size sorting process 
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after a routine synthesis may be used to narrow the particle size distribution. Several 
techniques have been developed to sort the particles by size. 
 
The most common method of size sorting is the size-selective precipitation technique that 
was first proposed by Murray et al. to produce monodisperse semiconductor 
nanoparticles (Murray et al., 1993). This method was then used by several groups to sort 
ligand-protected Ag and Au nanoparticles that are dispersed in nonpolar solvents 
(Whetten et al., 1996; Taleb et al., 1997; Chen et al., 1998). In this method, a nonsolvent 
is added to the nanoparticle solution to induce partial aggregation. Since the larger 
particles experience greater van der Waals forces than the smaller ones, they tend to 
aggregate and precipitate prior to the smaller particles. This will lead to a precipitate 
enriched with large particles and a supernatant enriched with small particles. Recursive 
conduct of this process will lead to progressive narrowing of the size distribution. This 
method can sort nanoparticles on the gram scale and the size distribution of the 
nanoparticles can be narrowed to standard deviation <5%. However the yield of this 
method is relatively low (Murray et al., 2000). In addition, this method is time-
consuming and inevitably uses a large quantity of organic solvents. Roberts and 
coworkers modified this method by using CO2 as a nonsolvent (McLeod et al., 2005). In 
their process, the size-dependent precipitation of nanoparticles was realized by 
controlling the CO2 pressure. Multiple monodisperse particle populations can be rapidly 
fractionated by progressively adjusting the CO2 pressure. 
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Chromatographic techniques were also used by several groups to sort nanoparticles by 
size. This technique was first used to separate semiconductor nanoparticles (Fischer et al., 
1989; Siebrands et al., 1993; Wilson et al., 1993). Wilcoxon and coworkers extended this 
technique to the separation of metal nanoparticles. Specifically high-pressure liquid 
chromatography (HPLC) was used to obtain a series of monodisperse Au and Ag 
nanoparticles with a resolution better than 0.4 nm from an original polydisperse 
nanoparticle population (Wilcoxon et al., 1998; Wilcoxon et al., 2001; Wilcoxon and 
Provencio, 2003). Whetten and coworkers also applied this technique to isolate Au 
nanoparticles of 75 atoms from a mixture of nanoparticles with different sizes (Gutierrez 
et al., 1999). This size sorting method has excellent resolution but very low throughput. 
Hence it is not suitable for sorting production quantities of Au and Ag nanoparticles. 
 
Centrifugation is another method that has been used to separate nanoparticles with 
different shapes and sizes. Pileni and coworkers successfully separated Ag nanodisks and 
Ag nanospheres and sorted the Ag nanodisks by size using this technique (Germain et al., 
2005). Ag nanodisks with different sizes were obtained by changing the centrifugation 
speed. This method is very simple but is lacking in good resolution and hence cannot 
produce nanoparticles with very narrow size distributions. 
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CHAPTER 3  




Tailoring the properties of nanoparticles through size, shape, composition and 
crystallinity manipulations is the current emphasis in nanomaterial synthesis (Daniel and 
Astruc, 2004; Burda et al., 2005). After two decades of intense efforts, we can now 
synthesize nanoparticles with fairly good control of composition, size and shape (Jin et 
al., 2003; Pileni 2003; Bullen and Mulvaney, 2004; Kim et al., 2004; Lee et al., 2006; 
Park et al., 2007). The same, however, cannot be said about crystallinity. Crystallinity 
control is important because the presence of twins inside the nanoparticles not only 
affects the optical, electronic and chemical properties of the nanoparticles but also the 
particle shape evolution (Wang, 2000; Elechiguerra, et al., 2006; Tang and Min, 2007). 
For example, Au nanoparticles can display a number of different crystalline structures. 
The three most common ones are: single-crystalline nanoparticles, decahedral multiply 
twinned particles (MTPs) and icosahedral MTPs (Wang, 2000). As we have yet to 
establish the methodology for synthesizing Au nanoparticles with controlled crystallinity, 
most current preparations would result in a mixture of nanoparticles with different 
crystallinities, although one type of particles may predominate in the product mix (Kim et 
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al., 2004; Sanchez-Iglesias et al., 2006). This makes it difficult to quantify the effects of 
twins and their distribution inside a nanoparticle on particle properties, and to explore the 
use of controlled crystallinity for technological applications.  
 
Kinetic control is the common strategy for tuning the size and shape of nanoparticles 
(Yin and Alivisatos, 2005). Since the crystallinity of nanoparticles is affected by both 
kinetic and thermodynamic factors, tunable crystallinity could also be realized by 
providing a controlled reaction environment. Herein we report a solution chemistry 
method capable of producing Au nanoparticles in three distinct crystal structures and 
narrow size distributions exclusively. Single-crystalline nanoparticles, decahedral MTPs 
and icosahedral MTPs were produced by simply varying the Au precursor concentration 
while keeping all other environmental factors constant.  This synthesis strategy based on 
kinetic control is generic and should be applicable to other fcc metals.  
 
3.2 Experimental section 
3.2.1 Synthesis of Au nanoparticles 
150 mg HAuCl4.3H2O (99.999%, Aldrich) and 1.5mL oleylamine (70%, Aldrich) were 
added to 9mL 4-tert-butyl toluene (TBT, 99%, Aldrich). The mixture was stirred for 30 
minutes to completely dissolve the HAuCl4. A measured amount of the as-prepared 
HAuCl4 TBT solution was quickly added to 5mL boiling TBT containing 150mg 1,2-
hexadecanediol (90%, Aldrich) under rigorous stirring by a magnetic stir-bar. The 
mixture was refluxed for 1 more hour. The as-synthesized Au nanoparticles were 
collected with ethanol precipitation followed by centrifugation and then redispersion in 
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toluene. The addition of 2.31mL, 3.5mL and 4.66mL of HAuCl4 TBT solution produced 
single-crystalline, decahedral multiply twinned particles (MTPs) and icosahedral MTPs, 
respectively. Addition of 2.5mL and 3mL of HAuCl4 solution produced a mixture of 
single-crystalline particles and decahedral MTPs. Addition of 3.7 mL and 4.0 mL of 
HAuCl4 solution produced a mixture of decahedral and icosahedral MTPs.  Temperature, 
amount of 1,2-hexadecanediol, and the oleylamine to HAuCl4 molar ratio were varied to 
examine their effects on the crystallinity of Au nanoparticles.  See Table 3.1 for the range 
of synthesis conditions studied. 
 












of Au NPs 
A 11.4 200 150 8.35 TO 
B 13.6 200 150 8.35 TO+Dh 
C 14.9 200 150 8.35 Dh 
D 16.1 200 150 8.35 Dh+Ih 
E 17.5 200 150 8.35 Ih 
F 14.9 150 150 8.35 TO+Dh+Ih 
G 14.9 200 75 8.35 TO+Dh+Pc 
H 14.9 200 150 4.18 Pc 
 
TO: Single-crystalline nanoparticles with truncated octahedral geometry 
Dh: Decahedral MTPs 
Ih: Icosahedral MTPs 
Pc: Polycrystalline nanoparticles 
 
3.2.2 Materials characterizations 
TEM images were taken on a JEOL JEM 2010 microscope operating at 200 kV 
accelerating voltage. HRTEM images and electron diffraction patterns were taken on a 
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JEOL AEM 2010 microscope operating at 200 kV accelerating voltage. For TEM 
measurements a drop of the nanoparticle solution was dispensed onto a carbon-coated 
copper grid. Excess solution was removed with an adsorbent paper. 
 
3.3 Results and discussion 
3.3.1 Synthesis and characterization of Au nanoparticles 
The gold nanoparticles were prepared by a modified polyol method, using 1,2-
hexadecanediol as the reducing agent and oleylamine as the particle stabilizing agent.  
The crystallinity of Au nanoparticles was tuned by changing the concentration of 
HAuCl4. As shown in Fig. 3.1, exclusively single-crystalline nanoparticles, decahedral 
MTPs and icosahedral MTPs were formed at low, intermediate and high concentrations 
of the Au precursor respectively.  
 
3.3.1.1 Single-crystalline nanoparticles 
Fig. 3.1A shows the TEM image of Au nanoparticles synthesized at a low HAuCl4 
concentration (11.4mM). The uniform contrast throughout each particle is indicative of 
the single-crystalline nature of the particles. Single crystallinity was also confirmed by 
the ordered atomic arrangement in the HRTEM image of randomly sampled isolated 
particles (Fig. 3.1B). The TEM image shows that the particles were nearly perfect spheres 
with diameters of 32.5±5.3 nm. The spherical geometry is a strong deviation from the 
truncated octahedral (TO) and cubooctahedral (CO) geometries common in single-
crystalline Au nanoparticles (Wang, 2000). This implies that the edges and corners of the 
particles had been truncated. The truncation could be caused by oleylamine, which was 
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present in high concentrations (>95mM). That the amine has strong etching action on the 






Figure 3.1 Crystallinity tunable synthesis of Au nanoparticles. A-B: TEM and HRTEM 
images of single-crystalline Au nanoparticles; C-D: TEM and HRTEM images of round 
decahedral Au MTPs; E: TEM image of icosahedral Au MTPs; F: HRTEM image of a 
icosahedral MTP along the two-fold symmetry axis; Inset in the bottom right corner is the 
schematic illustration of the icosahedron orientated as such. 
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3.3.1.2 Decahedral MTPs 
Fig. 3.1C shows the TEM image of Au nanoparticles synthesized at an intermediate 
HAuCl4 concentration (14.9mM). The TEM image of individual particles shows 5-fold 
symmetry, indicating that the particles were MTPs with decahedral geometry. The 
particles in the TEM image were indeed round decahedra, a variant of standard decahedra 
(Yacaman et al., 2001), with diameters of 38.9±5.8nm. The roundness was again caused 
by the etching action of oleylamine. The presence of the 5-fold symmetric twins is more 
clearly shown in the HRTEM image of a representative particle (Fig. 3.1D); and the 
HRTEM image taken near the center of the particle (Fig. 3.2A). The HRTEM image also 
shows that each subcrystal was single-crystalline, and the presence of dislocations and 
stacking faults in the particles. As the growth of MTP induces higher internal stress 
(Hofmeister 1998; Yacaman et al., 2001), dislocations and stacking faults are generated 
for stress relief. Fig. 3.2B shows the electron diffraction pattern of a tetrahedral 
subcrystal along the 5-fold symmetry axis, which could be indexed to the fcc <110> 
diffraction. The diffraction pattern of the whole particle along the 5-fold symmetry axis 
(Fig. 3.2C), on the other hand, shows pseudo 5-fold symmetry. A careful analysis of the 
pattern revealed that the pattern consisted of five sets of interpenetrating diffraction 
patterns. Each of the sets corresponds to the fcc Au diffraction pattern along the <110> 
direction as per the case of Fig. 3.2B. The rotation of one set by 72o yields the next set. 
The split diffraction spots and diffraction spots with streaks confirm the presence of 
defects in the particle. 
 




Figure 3.2 A: HRTEM image taken near the center of a round decahedral Au 
nanoparticle along the five-fold symmetry axis; B: Electron diffraction pattern of a single 
sub-crystal in the round decahedral Au particle along the five-fold symmetry axis; C: 
Electron diffraction pattern of a whole round decahedral Au nanoparticle along the five-
fold symmetry axis. 
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3.3.1.3 Icosahedral MTPs 
When the concentration of the Au precursor was increased further (17.5mM), icosahedral 
Au nanoparticles were produced. Fig. 3.1E shows the TEM image of the as-synthesized 
Au nanoparticles with diameters of 13.2±2.8nm. Each particle in the TEM image displays 
butterfly-like contrast, a characteristic of the MTPs. HRTEM images of isolated Au 
nanoparticles imaged along the two-fold, three-fold and five-fold axes (Fig. 3.1F and Fig. 
3.3) are in good agreement with the simulated images from icosahedral MTPs oriented as 




Figure 3.3 HRTEM images of differently oriented icosahedral Au nanoparticles.  A: 
Along the three-fold symmetry axis; B: Along the five-fold symmetry axis. Insets in the 
bottom right corners of these figures are the schematic illustrations of the icosahedra in 
the corresponding orientations. 
 
3.3.2 Influence of the synthesis conditions on the Au nanoparticle crystallinity 
By using a gold precursor concentration between the levels for the exclusive production 
of single-crystalline nanoparticles and decahedral MTPs, a mixture of these two types of 
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Au nanoparticles was obtained (Fig. 3.4). The ratio between these two types of particles 
could be varied by changing the HAuCl4 concentration (data not shown). Similarly, a  
 
 
Figure 3.4 Au nanoparticles synthesized according to condition (B) in Table 3.1 showing 
the concurrent presence of single-crystal nanoparticles and decahedral MTPs. A: TEM 
image of the Au nanoparticles; B: HRTEM image of a typical single-crystalline Au 
nanoparticle selected randomly from the TEM image; C: HRTEM image of a typical 
decahedral Au MTP selected randomly from the TEM image. 






Figure 3.5 Au nanoparticles synthesized according to condition (D) in Table 3.1 showing 
a mixture of decahedral MTPs and icosahedral MTPs. A: TEM image of the Au 
nanoparticles; B: HRTEM image of a typical decahedral Au MTP selected randomly 
from the TEM image; C: HRTEM image of a typical icosahedral Au MTP selected 
randomly from the TEM image. 
 





Figure 3.6 Au nanoparticles synthesized according to condition (F) in Table 3.1 showing 
the effect of temperature on crystallinity. A: TEM image of the Au nanoparticles; B: 
HRTEM image of a typical single-crystalline Au nanoparticle selected randomly from the 
TEM image; C: HRTEM image of a typical decahedral Au MTP selected randomly from 
the TEM image; D: HRTEM image of a typical icosahedral Au MTP selected randomly 
from the TEM image. 
 
mixture of decahedral and icosahedral Au nanoparticles was obtained by using a HAuCl4 
concentration between 15.2 mM and 17.4 mM (Fig. 3.5). Besides the HAuCl4 
concentration, the oleylamine and hexadecandiol concentrations and reaction temperature 
also affected the crystallinity of the Au nanoparticles produced. Lowering the from 200oC 
to 150oC led to the formation of a mixture of single-crystalline Au nanoparticles, 
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decahedral Au MTPs and icosahedral MTPs (Fig. 3.6). Reducing the amount of 1,2 -
hexadecanediol from 150mg to 75 mg led to the formation of a mixture of single-
crystalline Au nanoparticles, decahedral Au MTPs and icosahedral MTPs (Fig. 3.6). 
Lowering the oleylamine to HAuCl4 molar ratio from 8.35 to 4.18 led to the formation of 




Figure 3.7 Au nanoparticles synthesized according to condition (G) in Table 3.1 showing 
the effect of the amount of 1,2-hexadecanediol in synthesis on crystallinity. A: TEM 
image of the Au nanoparticles. B: HRTEM image of a typical decahedral Au MTP 
selected randomly from the TEM image C: HRTEM image of a typical single-crystalline 
Au nanoparticle selected randomly from the TEM image; D: HRTEM image of a typical 
polycrystalline Au nanoparticle selected randomly from the TEM image. 




Figure 3.8 Au nanoparticles synthesized according to condition (H) in Table 3.1 showing 
the effect of the oleylamine/HAuCl4 ratio on the crystallinity of Au nanoparticles.  
 
3.3.3 Formation mechanism of Au nanoparticles with different crystallinity 
A detailed atomistic level understanding of the formation of Au nanoparticles with 
different crystallinities is not yet possible. In general terms the crystallinity of Au 
nanoparticles is determined by the interplay between thermodynamic and kinetic factors 
in a particular synthesis environment. Additional experimentations complemented by 
computer models are required to unravel the details in this complex process.(Baletto and 
Ferrando 2005) The following deliberation based on known principles, while qualitative, 
is offered to rationalize the observation of different particle crystallinities in this 
experimental study. 
 
The formation of Au nanoparticles may be divided into two stages, as portrayed in 
scheme 3.1. In stage one, Au atoms from the reduction of AuCl4- nucleate to form magic 
number clusters. The Au clusters could exist in one of three possible structures: single 
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crystal truncated octahedrons, decahedral MTPs and icosahedral MTPs. The most 
energetically favorable structure for the clusters is known to change with the number of 
atoms in the cluster (Garzon et al., 1998). Therefore the crystallinity of the clusters could 
undergo several transformations among these three structures during growth (Baletto et 
al., 2000; Baletto et al., 2001). The transformation is fast for small clusters (up to several 
hundreds of atoms) and the clusters have enough time to reorganize into the most 
thermodynamically stable form. In the second stage, the magic number clusters grow in a 
shell-by-shell mode. This is because with the increase in the number of atoms in the 
clusters, the structural transformation of Au nanoparticles which involves the entire 
collection of atoms becomes slower. If the time for depositing a new layer of atoms is 
less than that required for structural reorganization, the underlying structure would be 
pinned down by the depositing layer, giving rise to shell-by-shell growth. The 
crystallinity of the final Au nanoparticles then depends on the competition between the 
kinetics of structural transformation and the deposition rate of the Au atoms. The 
transformability of small Au clusters explains the observed multiplicity in crystallinity. 
Changes in the concentration of HAuCl4 change the rate of Au atom addition, and hence 
the kinetic balance between structural transformation and shell-by-shell growth, thus 
leading to Au nanoparticles with different crystallinities being formed. Under most 
conditions, the product is a mixture of different crystallinities. This is caused by 
differences in the reaction microenvironment surrounding each particle and/or 
fluctuations in structures due to entropy effects.  The experimental results shown here are 
in support of the findings from the molecular dynamics study of Baletto et al. on pristine 
Ag nanoparticles (Baletto et al., 2000; Baletto et al., 2001). The Baletto study showed 
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that synthesis conditions such as temperature and deposition flux would affect the 
competition between structural transformation and shell-by-shell growth, and 
consequently Ag nanoparticles with different crystallinities could be formed under 




Scheme 3.1 Formation of Au nanoparticles with different crystallinities. 
 
The synthesis strategy successful for tuning the crystallinity of Au nanoparticles was also 
applied to Ag nanoparticles as a test of its general utility. It was found that the 
crystallinity of Ag nanoparticles could likewise be tuned by changing the Ag precursor 
concentration. We are therefore optimistic about the extendability of this synthesis 
strategy to other metal nanoparticles.  
 
3.4 Conclusion 
In summary, a simple approach for tuning the crystallinity of Au nanoparticles has been 
demonstrated. Single-crystalline nanoparticles, decahedral MTPs, icosahedral MTPs with 
uniform crystallinity and narrow size distributions were obtained by adjusting the 
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HAuCl4 concentration in a polyol synthesis, while keeping other environmental factors 
fixed. The crystallinity of the Au nanoparticles was determined by the competition 
between the kinetics of structural transformation and the kinetics of shell-by-shell 
growth. An atomistic level understanding has to wait for more experimental efforts and 
complementary molecular dynamics studies. We believe that the synthesis strategy is 
generic and can be extended to other fcc metals. The ability to synthesize nanoparticles 
with uniform and tunable crystallinity paves the way to systematic studies on the 
identification and understanding of the effects of crystallinity on nanoparticle properties.  
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CHAPTER 4  
MONODISPERSE ICOSAHEDRAL SILVER, GOLD 
AND PALLADIUM NANOPARTICLES: SIZE 




Materials on the 1-20 nm length scale behave significantly differently from their bulk 
form, showing properties that are strongly dependent on shape, size, composition and 
surface chemistry (Burda et al., 2005). The preparation of nanoparticles monodisperse in 
composition, shape, size and crystal structure is important to scientific explorations and 
technology development. First and foremost, the unambiguous identification of the 
nanoparticle properties requires monodisperse nanoparticles (Yin and Alivisatos, 2005). 
In addition, reliable application performance requires consistent properties which are 
only possible with monodisperse nanoparticles (Park et al., 2007). Monodispersity also 
promotes self-assembly of the nanoparticles into superlattices, where the interaction 
between proximal particles in a well-ordered environment may give rise to new collective 
properties useful to some applications (Murray et al., 2000). While significant progress 
has been made over the years on the size-controlled synthesis of nanoparticles (Taleb et 
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al., 1997; Stoeva et al., 2002; Park, Joo et al., 2007), the concurrent control of size and 
crystal structure in the same preparation, however, remains a challenge especially for 
nanoparticles with multiple twins. 
 
Multiply twinned particles (MTPs) with icosahedral morphology are found in many fcc 
noble metal nanoparticles (Hofmeister, 1998). An icosahedron is made up of 20 face-
sharing tetrahedra. The icosahedral nanoparticles are therefore bounded by 20 triangular 
faces; all of them are {111} planes of the fcc structure. The orderly arranged twins within 
each particle and the abundance of {111} planes and ridges formed by them on the 
nanoparticle surface are responsible for the observation of interesting electronic, optical 
and catalytic properties (Hofmeister, 1998; Wang, 2000; Tang and Min, 2007). Although 
several groups have reported the synthesis of icosahedral metal nanoparticles, the 
particles were formed amidst other morphologies and there was significant polydispersity 
in the size distributions (Zhou et al., 2006; Kwon et al., 2007; Lim et al., 2007; Xu et al., 
2008). The measured properties could therefore have been obfuscated by sample 
heterogeneity. 
 
Herein we report relatively simple procedures for the synthesis and self-assembly of 
monodisperse icosahedral Ag, Au and Pd MTPs with tunable sizes, which are outlined in 
scheme 4.1. In the first step, Ag nanoparticles with exclusively icosahedral morphology 
but a broad size distribution were prepared by a modified polyol process under reaction 
kinetics control. The size distribution of the Ag nanoparticles was then narrowed to ± one 
atomic layer without changing the icosahedral morphology by digestive ripening. 
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Monodisperse Au and Pd icosahedral nanoparticles could then be synthesized by the 
replacement reaction between monodisperse Ag nanoparticles and Au or Pd precursor 
respectively. The size of the nanoparticles could also be subsequently increased by seed-
mediated growth while keeping the icosahedral geometry and size distribution unchanged. 
The closely matched sizes of these monodisperse MTPs  allowed them to be easily 




Scheme 4.1 Procedure for preparing monodisperse Ag, Au and Pd icosahedral 
nanoparticles and their 3-D superlattices. 
 
4.2 Experimental section: 
4.2.1 Preparation of polydisperse Ag icosahedral nanoparticles  
A solution of 300 mg 1,2-hexadecanediol (90%, Aldrich) in 10 mL 4-tert-butyl toluene 
(TBT, 99%, Aldrich) was heated to boiling or to predetermined temperature. 100 mg 
AgNO3 and 1 mL oleylamine (70%, Aldrich) were dissolved in 6 ml TBT. This mixture 
was injected into the hot TBT solution of 1,2-hexadecanediol under vigorous  stirring by 
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magnetic stir-bars. After 5 minutes of stirring, the system was cooled down to room 
temperature. The Ag nanoparticles in the solution were precipitated by ethanol and 
washed thrice with ethanol to remove the free ligands, unreacted reactants, intermediates 
and by-products. 
 
4.2.2 Narrowing the size distribution of Ag icosahedral nanoparticles  
The size distribution of the as-synthesized Ag nanoparticles was narrowed by a modified 
digestive ripening procedure reported in the literature. Briefly, 200 mg Ag nanoparticles 
and 6.8 g dodecylamine were mixed with 60 mL TBT. The mixture was refluxed for 48 
hours in a nitrogen environment with magnetic bar stirring. The organsol was then cooled 
down and the Ag nanoparticles recovered by ethanol precipitation followed by  re-
dispersion into an organic solvent such as toluene or TBT.     
                                                                                                                                                                        
4.2.3 Preparation of monodisperse Au and Pd icosahedral nanoparticles 
Au and Pd icosahedral nanoparticles were prepared by the replacement reaction between 
Ag nanoparticles and the corresponding Au or Pd precursor salts. For the preparation of 
Au nanoparticles, 20 mL of 0.5 mM Ag organosol in toluene was heated to boiling. 3.4 
mL of 1 mM HAuCl4 solution in toluene containing 10 mg dodecylamine was added 
dropwise to the Ag organosol. The mixture was refluxed for 20 minutes before it was 
cooled down. For the preparation of Pd nanoparticles, hydrophobized Pd2+ was first 
obtained by transferring Pd(NO3)2 from water to toluene with  TOAB. 20 mL of 0.5 mM 
Ag organosol in TBT was heated to 160oC, 10 mL of 10 mM Pd2+ solution in toluene was 
then introduced dropwise to the organosol. The mixture was heated for 4 hours before 
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cooling down. The as-synthesized Au and Pd nanoparticles were collected by ethanol 
precipitation followed by re-dispersion in toluene. 
 
4.2.4 Manipulating the size of the icosahedral nanoparticles 
The size of the monodisperse icosahedral nanoparticles was increased by the seed-
mediated growth method. The following is the procedure used to enlarge the size of the 
Ag nanoparticles which is also applicable to the Au and Pd nanoparticles. A calculated 
amount of 1, 2-hexadecanediol was added to 10 mL of 1 mM Ag nanoparticle solution in 
toluene and the mixture was brought to boiling. 2 mL or 4 mL of 10mM AgNO3 toluene 
solution was added dropwise to the hot Ag organosol to form Ag nanoparticles with 
different sizes. The molar ratio of 1,2-hexadecanediol to AgNO3 was fixed at 2:1. The 
mixture was refluxed for 15 minutes before cooling down. The as-synthesized 
nanoparticles were collected by ethanol precipitation and re-dispersed into toluene. 
 
4.2.5 Materials characterizations 
TEM images were taken on a JEOL JEM 2010 operating at 200 kV accelerating voltage. 
HRTEM images were taken on a AEM 2010 TEM. An energy-dispersive X-ray (EDX) 
analyzer attached to the AEM 2010 TEM provided in-situ determinations of the 
compositions of the as-synthesized nanoparticles. The superlattices were formed by 
slowly evaporating a drop of nanoparticle solution on a carbon-coated copper grid. SEM 
images were taken on a JEOL JSM-6700F field emission SEM operating at 25 kV 
accelerating voltage. UV/vis spectra of the nanoparticles were collected by a Shimadzu 
2450 UV/vis spectrophotometer at room temperature. 






Figure 4.1 A: UV/Vis absorption spectrum of Ag icosahedral nanoparticles; the inset 
shows a digital picture of the Ag organosol.  
 
4.3. Results and discussion 
4.3.1 Synthesis of icosahedral Ag nanoparticles 
Fig 4.1 shows the UV/vis absorption spectrum of Ag nanoparticles synthesized by 1,2-
hexadecanediol reduction of Ag+ in 4-tert-butyl toluene at 200oC, together with an inset 
of a digital photo of the nanoparticle solution. The absorption maxima at ~410 nm and 
the vivid yellowish brown solution were manifests of surface plasmon resonance (SPR), a 
characteristic feature of the Ag nanoparticles. The TEM image of the as-synthesized Ag 
nanoparticles in Fig. 4.2A shows a relatively broad size distribution of 9.1±3.6nm. Each 
particle in the TEM image has the characteristic butterfly-like contrast of MTPs. 
Although MTPs commonly manifest themselves as decahedra and icosahedra, the 
HRTEM characterization of the as-synthesized Ag nanoparticles found exclusively 
icosahedra. For example, the randomly sampled nanoparticles in Fig 4.2B-D are indeed 
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icosahedra with different orientations as shown by the computer simulated images 
included as Fig insets (Reyes-Gasga et al., 2007). More than 150 nanoparticles were 
counted by HRTEM and none of them deviated from the icosahedral morphology. Hence 
the as-synthesized Ag nanoparticles were MTPs with exclusively icosahedral 




Figure 4.2 A: TEM image of Ag icosahedral nanoparticles synthesized at 200oC; B-D: 
HRTEM images of Ag icosahedral nanoparticles in different orientations. B: Along the 
two-fold symmetry axis; C: Along the three-fold symmetry axis; D: Along the five-fold 
symmetry axis; Insets in the upper right corners of these figures are the FFT patterns of 
the HRTEM images; Insets in the bottom right corners of these figures are the schematic 
illustrations of  the icosahedra in different orientations. 
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The predominance of Ag nanoparticles with exclusively icosahedral morphology came as 
a surprise since icosahedral MTPs are not thermodynamically stable structures for Ag 
nanoparticles in this size range based on internal strain considerations (Hofmeister, 1998). 
On the other hand it is known that kinetic factors are as influential as thermodynamic 
factors in determining the morphology of the product Ag nanoparticles. Hence the Ag 
nanoparticles in our case had to be a product of kinetic control. The detailed, atomistic 
level understanding of the formation of icosahedral Ag nanoparticles is not yet clear. 
However, the molecular dynamics (MD) study of Baletto et al. allowed us to draw some 
general inference regarding the formation process (Baletto et al., 2000; Baletto et al., 
2001). The formation of Ag nanoparticles is likely to begin with the establishment of 
magic number clusters. Magic number clusters containing several to several hundreds of 
Ag atoms could exist in one of the three thermodynamically stable forms: truncated 
octahedral (TO) single-crystalline nanoparticles, MTPs with decahedral morphology or 
MTPs with icosahedral morphology. The most thermodynamically stable structure for the 
clusters varies with the number of atoms per particle, and is decahedron for 75, 100, 146 
and 192 atoms, icosahedron for 55, 147, 309 and 561 atoms, and truncated octahedron for 
116, 201, 225 and 314 atoms. As the number of Au atoms per cluster increased with 
growth, the particles would undergo several successive structural transformations in order 
to adapt to the most thermodynamically stable morphology. The transformation rate 
depends on temperature, the nature of the prevailing capping agent, and the size of the 
particles. The final morphology of the particles is determined by the competition between 
structural transformation and layer-by-layer growth. If, during the growth process where 
icosahedral nanoparticles were the most thermodynamically stable morphology, the time 
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required for the deposition of an additional layer of atoms was less than the time needed 
for structural transformation into the next stable morphology, structural transformation 
could not occur. Instead, the particles would grow in a layer-by-layer mode, preserving 
the icosahedral geometry of the underlying core and propagating it to the final shape.  
 
MD simulation also predicted that decahedral MTPs and single-crystalline TO 
nanoparticles can also prevail in the final product if the layer-by-layer growth begins with 
decahedral or TO magic number clusters. The tuning of the morphology of Ag 
nanoparticles can then be accomplished by changing the deposition rate of Ag atoms or 
reaction temperature. We therefore varied the concentration of the Ag precursor in polyol 
synthesis to investigate the effects of Ag+ on product morphology and as a test of this 
hypothesis. Fig. 4.3A & B show the TEM and HRTEM images of Ag nanoparticle 
synthesized with 10 mM AgNO3 solution. Both decahedral and icosahedral Ag 
nanoparticles proliferated in the product. By reducing the AgNO3 concentration to 5 mM, 
a mixture of icosahedral and decahedral MTPs and single-crystalline TO Ag 
nanoparticles were formed (Fig. 4.3C & D). Lowering the concentration of the Ag 
precursor led to a general decrease in the Ag atom production rate, which shifted the 
balance between structural transformation and layer-by-layer growth to different extents, 
forming a range of products of different morphologies. These results demonstrated that 
kinetic control can be a versatile and effective tool for tuning the morphology of 
nanoparticles.  




Figure 4.3 A: TEM image of the mixture of icosahedral and decahedral Ag MTPs; B: 
HRTEM image of the mixture of icosahedral and decahedral Ag MTPs; C: TEM image 
of the mixture of icosahedral and decahedral Ag MTPs and single-crystalline TO 
nanoparticles; B: HRTEM image of the mixture of icosahedral and decahedral Ag MTPs 
and single-crystalline TO nanoparticles.  
 
A major reason for the formation of mixtures of nanoparticles with different 
morphologies at low Ag+ concentrations was the different reaction microenvironment 
surrounding each particle in the solution. It is known that the morphology of each particle 
was pinned down when layer-by-layer growth commenced soon (within seconds) after 
the addition of the AgNO3 solution to the reducing agent solution. On the other hand, the 
homogenization of reactant concentration and temperature normally occurred over a 
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much longer time scale. The non-uniformity in the reaction microenvironment is 
expected to affect the kinetics of layer-by-layer growth and the kinetics of structural 
transformation to different degrees, and hence nanoparticles with different morphologies 
may be formed in the final product. Another reason for the non-uniformity of 
nanoparticle morphology in the product was the fluctuability of particle structures. The 
calculation by Baletto has shown that the energy barrier to transformation between 
various structures is relative low for Ag particles with certain numbers of atoms (Baletto 
and Ferrando, 2005). Consequently, the nanoparticles could fluctuate between these 
energetically similar structures during different stages of growth because of entropy 
effects (Baletto and Ferrando, 2005). The fluctuation then resulted in a mixture of 
nanoparticles with different morphologies to be formed at the end. The different 
microscopic environments and structural fluctuations of the particles also explain the 
observation of myriads of different Ag nanoparticle morphologies reported in the open 
literature. In this study, however, we confirmed that it is experimentally possible to form 
exclusively Ag nanoparticles with icosahedral morphology under appropriate conditions.  
 
Our results are interesting by comparison with the recent study of Yin et al, who prepared 
Ag nanoparticles by a similar polyol process except for the use of dichlorobenzene (DCB) 
as the solvent (Yin et al., 2006). All of the nanoparticles there were single-crystalline 
nanoparticles with nearly spherical cubooctahedral morphology. This could be due to the 
chlorine (from DCB) – catalyzed oxygen etching of the Ag twinning nuclei (Wiley et al., 
2004). Hence no MTP were observed in that study.  
 




Figure 4.4 A: TEM image of monodisperse Ag icosahedral nanoparticles; B: HRTEM 
image of an isolated Ag icosahedral nanoparticle. 
 
4.3.2 Narrowing the size distribution of icosahedral Ag nanoparticles 
Although the as-synthesized Ag nanoparticles were uniform in shape (icosahedral), the 
size distribution of the nanoparticles was broad. This was a consequence of simultaneous 
nucleation and growth. It is known that the formation of monodisperse nanoparticles 
requires “separation of nucleation and growth”, e. g. burst nucleation in a homogeneous 
solution within an extremely short period of time followed by slow growth. In our 
modified polyol process, the “hot-injection” technique was used to fulfill the “burst 
nucleation”. However, mass and heat transfer issues inherent in the mixing of solutions 
with different compositions and temperature are unfavorable to the formation of 
monodisperse nanoparticles. Although the size distribution may be narrowed by size-
selective precipitation, the yield of such process is relatively low (Murray et al., 2000). 
Herein we demonstrate that the size distribution of icosahedral Ag nanoparticles can be 
significantly narrowed by a digestive ripening procedure while keeping the icosahedral 
morphology intact. 
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Fig. 4.4A shows the TEM image of Ag nanoparticles after digestive ripening of 
icosahedral Ag nanoparticles synthesized at 200oC. The diameter of the Ag nanoparticles 
was 9.6±0.5 nm. This indicates that digestive ripening had increased the average size of 
the Ag nanoparticles (initially 9.1±3.6nm) but narrowed the particle size distribution. The 
butterfly-like contrast in the TEM image and the characteristic lattice fringes in the 
HRTEM image (Fig. 4.4B) confirm that all of the Ag nanoparticles were still icosahedra 
after digestive ripening. The improved monodispersity had to be brought about by inter-
particle transfer of Ag atoms during the digestive ripening process. The increase in 
average particle size and the complete absence of other morphologies indicate that not 
only were there no new particles formed in digestive ripening but indeed some particles 
had disappeared. The average size of the starting Ag nanoparticles was critically 
important in maintaining morphology conformity in digestive ripening. When icosahedral 
Ag nanoparticles with an average diameter of 13.1 nm were used as the starting material, 
some single-crystalline particles were found among the ~9.6 nm product nanoparticles of 
digestive ripening. This is indication of the formation of some new nuclei not necessarily 
of the icosahedral morphology. The final size of Ag nanoparticles obtained here is larger 
than that of Ag nanoparticles prepared by Klabunde and co-workers using solvated metal 
atom dispersion (SMAD) followed by digestive ripening (Smetana et al., 2005). One 
possible reason is the use of different digestive ripening agents (dodecylamine in this 
study and dodecanethiol in the Klabunde study). The work of Klabunde also illustrated 
the significant influence of the digestive ripening agent on the size of the Au 
nanoparticles (Prasad et al., 2003). Another reason is the different morphologies of the 
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starting Ag nanoparticles (exclusively icosahedral here vs a mixture of Ag nanoparticle 





Figure 4.5 A: UV/Vis absorption spectrum of Au icosahedral nanoparticles. The inset is 
the digital photo of the Au organosol; B: EDX spectrum of the Au icosahedral 
nanoparticles; C: TEM image of monodisperse Au icosahedral nanoparticles; D: HRTEM 
image of an isolated Au icosahedral nanoparticle.  
 
4.3.3 Synthesis of monodisperse Au and Pd icosahedral nanoparticles 
fcc icosahedral nanoparticles are catalytically important not only because the entire 
exterior surface is bounded by {111} planes, but also because of the preponderance of 
corners and edges where enhanced catalytic activity is often observed (Bratlie et al., 
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2007). Since most noble metal nanoparticles are industrially important catalysts, we 
opine that it is valuable to develop reliable techniques for the preparation of 
monodisperse icosahedral nanoparticles of the noble metals. Herein we will demonstrate 
a preparative route which is based on the replacement reaction between monodisperse 





Figure 4.6 A: UV/Vis absorption spectrum of Pd icosahedral nanoparticles. The inset is 
the digital photo of the Pd nanoparticles in toluene. B: EDX spectrum of the Pd 
icosahedral nanoparticles; C: TEM image of monodisperse Pd icosahedral nanoparticles; 
D: HRTEM image of an isolated Pd icosahedral nanoparticle. 
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After the monodisperse Ag icosahedral nanoparticles were subjected to replacement 
reaction with HAuCl4, the color of the organosol changed from yellow to pink and an 
absorption maximum appeared in the UV/Vis spectrum (Fig. 4.5A) at ~530 nm, 
indicating that the Ag nanoparticles had been completely converted into Au nanoparticles. 
The energy dispersive X-ray (EDX) spectroscopic analysis of the product nanoparticles 
(Fig. 4.5B) indicated only monometallic gold. Fig. 4.5C & D are the TEM and HRTEM 
image of Au nanoparticles recovered from the replacement reaction. The butterfly-like 
contrast in the TEM image and the lattice fringes in the HRTEM image confirm 
conservation of the icosahedral morphology in the replacement reaction. The TEM image 
shows a gold particle size distribution of 6.8±0.5 nm, and hence good monodispersity of 
the nanoparticles was also preserved. The gold nanoparticles were considerably smaller 
than the starting Ag nanoparticles. The reduction in particle size was caused by the 
decrease in the number of atoms per particle. The number of atoms in each Au 
nanoparticle was about one third of that in the starting Ag nanoparticle because the 
stoichiometry of the replacement reaction requires that three Ag atoms be displaced for 
every Au atom deposited. The size of the Au nanoparticles was ~70% of the starting Ag 
nanoparticles, which is consistence with the value calculated from the stoichiometry of 
the replacement reaction (Equ. 4-1). The elevated temperature of reaction and abundant 
presence of oleylamine in the solution were necessary for the formation of solid Au 
icosahedral nanoparticles. If the reaction was carried out at low temperatures, hollow 
nanoparticles could have been the principal product, as shown by Xia et al (Lu et al., 
2007). Without the abundant presence of amine, AgCl would be formed and 
contaminated the Au nanoparticle product (Lu, et al., 2007).  

















d                     (4-1) 
Monodisperse icosahedral Pd nanoparticles could also be prepared by the replacement 
reaction between monodisperse icosahedral Ag nanoparticles and the Pd precursor salt. 
Fig. 4.6A shows the UV/Vis absorbance spectrum and digital picture of the nanoparticles 
after the replacement reaction. The color of the organsol changed to black and there was 
no absorption peak in the 300 nm to 800 nm spectral region. The black color of the 
organsol and the complete obliteration of Ag SPR are indications of the formation of Pd 
nanoparticles, which has no SPR in the visible region (Zamborini et al., 2001). The EDX 
spectrum of the particle (Fig. 4.6B) confirmed the sole presence of monometallic Pd. The 
butterfly-like contrast in the TEM image of Fig. 4.6C and the characteristic lattice fringes 
in the HRTEM image of Fig. 4.6D are again evidence for the icosahedral morphology. 
TEM image also shows a particle size distribution of 7.9±0.5 nm. The particle size 
distribution indicates good monodispersivity and the average size agrees well with the 
value calculated from the stoichiometry of the replacement reaction. Different from the 
replacement reaction between Ag nanoparticles and HAuCl4, Pd2+ was hydrophobized by 
TOAB rather than oleylamine. This is because the presence of oleylamine would inhibit 
the replacement reaction between Ag nanoparticles and Pd2+. It is hypothesized that 
complexation between Pd2+ and oleylamine had led to the decrease in the reduction 
















d                     (4-2) 
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4.3.4 Size Manipulation of monodisperse icosahedral nanoparticles 
While high monodispersity of the nanoparticles allows the unambiguous identification of 
particle properties, the mapping of particle properties as a function of size requires a 
series of monodisperse nanoparticles of different sizes. The monodisperse Ag, Au & Pd 
icosahedral nanoparticles prepared by the procedures described above had fixed and 
invariant sizes. However, by using the synthesized monodisperse icosahedral 
nanoparticles as seeds, icosahedral nanoparticles with larger sizes could be obtained 
through layer-by-layer deposition of new atoms onto the surface of existing particles. 
 
 
Figure 4.7 A: TEM and HRTEM images of monodisperse Ag icosahedral nanoparticles 
synthesized by seed-mediated growth. A-B: addition of 0.002 mmol Ag atoms; C-D: 
addition of 0.004 mmol Ag atoms.  
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Fig. 4.7A and C are TEM images of the Ag nanoparticles after the deposition of 0.02 
mmol and 0.04 mmol of Ag atoms onto 0.01mmol of icosahedral Ag nanoparticle seeds. 
TEM also measured particle size distribution of 13.8±0.5nm and 16.4±0.5nm respectively. 
The icosahedral morphology was not affected by growth as butterfly-like contrast and 
characteristic lattice fringes could still be detected in TEM and HRTEM images 
respectively (Fig. 4.7B & D). Hence the size of the Ag nanoparticles could be increased 
while keeping morphology and particle size distribution intact. The final size of the 
nanoparticles was controllable by the molar ratio between Ag nanoparticles and the 
depositing Ag atoms. Similarly, monodisperse Au and Pd icosahedral nanoparticles could 
also be enlarged by the seed-mediated growth method. 
 
The temperature for the deposition of new Ag atoms in seed-mediated growth was lower 
than the temperature used in the polyol synthesis of the icosahedral Ag nanoparticles. The 
AgNO3 solution was also introduced in a drop-wise manner. These were deliberate 
measures to lower the rate of formation of Ag atoms to prevent the formation of new 
nuclei. Indeed, by controlling the rate of addition of the AgNO3 solution in the seed-
mediated growth at an appropriate level, it is possible (and easy) to satisfy the 
requirement of “separation of nucleation and growth”   in sustained development of 
monodispersity (Park et al., 2007). 
 
4.3.5 Self-assembly of monodisperse icosahedral nanoparticles 
The narrow size distribution predisposes the synthesized icosahedral nanoparticles to 
form 3-D superlattices by self-assembly. These 3-D superlattices could be potentially 
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useful for studying the dipole-dipole interactions between proximal particles, and for 
fabricating mesoscale materials or nanodevices with newfound properties (Courty et al., 
2005; Kraus et al., 2007). The nanoparticles prepared in this study could easily form 3-D 
superlattices either on a solid substrate or in the solution. These two approaches may be 





Figure 4.8 A: TEM image of a 3-D superlattice of Ag nanoparticles assembled on the 
copper grid; B: The FFT pattern of the superlattice; C: The electron diffraction pattern of 
the superlattice: D: TEM image of a two-layer superlattice; E: Schematic representation 
of the two-layer superlattice; F: SEM image of a superlattice formed in the solution; G: 
high-magnification SEM image of the superlattice formed in the solution. 
 
Fig. 4.8A shows the TEM image of a typical superlattice of Ag icosahedral nanoparticles 
assembled on a carbon-coated copper grid after slow solvent evaporation. Both the TEM 
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image and the corresponding FFT pattern (Fig. 4.8B) show a 3-D superlattice almost 
perfectly aligned according to the hexagonal closed-packed (hcp) structure. The electron 
diffraction pattern of the superlattice (Fig. 4.8C) shows a number of rings. This indicates 
that the nanoparticles comprising the superlattice did not have orientational ordering 
although they exhibited excellent translational ordering. This is notably different from 
superlattices formed by single-crystalline TO nanoparticles, which also show 
orientational ordering. The absence of orientational ordering was most likely caused by 
the large number of surface faces per particle (20) and the inherent isotropy of the 
icosahedral geometry. Fig. 4.8D is the TEM image of a superlattice comprising only two 
layers of particles, which was formed by decreasing the concentration of Ag 
nanoparticles in the solution. It shows that each nanoparticle in the second layer was 
located above the “hollow” formed by three adjacent particles in the first layer. 
 
In addition to forming superlattices on a solid substrate, the monodisperse icosahedral 
nanoparticles could also form superlattices directly in the solution. After aging the 
solution for 72 hours, some superlattice were formed and settled to the bottom of the vial. 
Fig. 4.8F is the FESEM image of the superlattice formed as such, with highly visible 
terraces and steps. The size of the superlattice could be as large as ~2 µm.. The high 
magnification SEM image (Fig. 4.8G) shows excellent translational ordering of the 
particles in the superlattice.  
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4.4 Conclusions 
The synthesis and self-assembly of monodisperse Ag, Au and Pd icosahedral MTPs with 
tunable sizes has been demonstrated. Ag nanoparticles with exclusively icosahedral 
morphology but a broad size distribution were prepared by a modified polyol method 
under kinetic control. The size distribution of the Ag icosahedral nanoparticles was 
substantially narrowed by a digestive ripening procedure which preserved the icosahedral 
morphology. The replacement reaction between Ag icosahedral nanoparticles and Au or 
Pd precursor salts was then used to produce monodisperse Au and Pd icosahedral 
nanoparticles. The size of the monodisperse icosahedral nanoparticles could be 
subsequently enlarged by seed-mediated growth while keeping the icosahedral 
morphology and the size distribution unchanged. The synthesized icosahedral 
nanoparticles easily formed 3-D superlattices on solid substrates as well as in the solution 
because of their size and shape monodispersity. The successful preparation of 
monodisperse icosahedral MTPs and their assembly into well-ordered 3-D superlattices 
should be of interest to the study of the properties of isolated icosahedral particles as well 
as properties arising from the close coupling between proximal particles. 
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CHAPTER 5  
SIZE AND COMPOSITION TUNABLE 
HYDROPHILIC SILVER-GOLD ALLOY 




The properties of alloy nanoparticles can be very different from the properties of the 
component monometallic nanoparticles (Sun et al., 2000). This provides yet another 
dimension in tailoring the properties of nanomaterials besides the usual size and shape 
manipulation. For example, Ag-Au alloy nanoparticles are more catalytically active than 
monometallic Ag or Au nanoparticles in the oxidation of CO at low temperatures, even 
though the monometallic nanoparticles are already an improvement over their bulk forms 
(Liu et al., 2005). In addition, while monometallic Ag and Au nanoparticles have 
relatively unchanging  optical properties due to surface plasmon response (SPR), the SPR  
properties of Ag-Au alloy nanoparticles are continuously tunable because of the 
possibility of composition changes (Mulvaney 1996).  
 
                                                                                                                                                  Chapter 5  
 71
Ag-Au alloy nanoparticles can be prepared by a number of methods, the most common 
one being the co-reduction of the corresponding metal precursor salts in the presence of a 
stabilizing agent (Link et al., 1999; Mallin and Murphy, 2002; Wilson et al., 2004). 
Water-in-oil microemulsions have also been used by Chen to produce Ag-Au alloy 
nanoparticles (Chen and Chen, 2002). In the digestive ripening method of Klabunde and 
coworkers (Smetana et al., 2006), Ag-Au alloy nanoparticles were formed by refluxing 
Ag and Au nanoparticles in 4-tert-butyltoluene in the presence of an alkanethiol. Other 
methods of preparation of a more physical nature include laser ablation (Lee et al., 2001) 
and evaporation-condensation (Papavassiliou, 1976). Despite a myriad of methods of 
preparation, the large-scale synthesis of alloy nanoparticles with good control of size and 
composition remains a challenge. First, size tuning by changing the synthesis conditions 
is more complex for the alloy nanoparticles than for the monometallic nanoparticles. This 
is because the synthesis conditions affect the reduction potentials and the effectiveness of 
the stabilizing agent in different ways. Second, most current methods of preparation are 
unable to decouple size and composition control, which increases the difficulty in 
producing alloy nanoparticles with the same composition but different sizes, or the same 
size with different compositions. In addition, Ag+ has the propensity of forming insoluble 
halide precipitates whenever the synthesis involves the use of a halogen-containing metal 
precursor salt (e.g. HAuCl4). The precipitation of AgCl contaminates the alloy 
nanoparticles formed and further complicates the control of alloy composition.  
 
Herein we report a simple method to prepare Ag-Au alloy nanoparticles by the 
replacement reaction between Ag nanoparticles and HAuCl4 at elevated temperatures. 
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While this method bears certain similarities with Xia’s work (Sun et al., 2002; Sun and 
Xia, 2004), the synthesis conditions were altered to deliberately suppress the formation of 
hollow structures. This method takes advantage of the rapid interdiffusion of Au and Ag 
atoms in the reduced dimension of nanoparticles, elevated temperature of operation, and 
the large number of interfacial vacancy defects created by the replacement reaction. The 
major advantages of this method are that both the size and composition of the alloy 
nanoparticles are independently tunable and that the particles can be produced in high 
concentrations (good process scalability). This method can also be used to produce other 
alloy nanoparticles, even those which cannot be obtained by the co-reduction method, e.g. 
Ag-Pd alloy nanoparticles. 
 
 
5.2 Experimental Section 
5.2.1 Synthesis of Ag nanoparticles 
PVP-protected Ag nanoparticles were prepared by the NaBH4 reduction of AgNO3. 
Briefly, 2.5 mL 20 mM AgNO3, 2.5 mL 0.2 M polyvinylpyrrolidone (PVP, MW=10,000) 
and 1 mL 20 mM KOH were mixed with 41.5 mL H2O in a sealed 100mL flask. The 
solution was stirred under bubbling N2 for 30 minutes. 2.5 mL 0.1 M freshly prepared 
ice-cold NaBH4 (98%, Fluka) solution was then injected into the Ag solution. The 
mixture was vigorously stirred for one hour, and aged for 48 hours to decompose the 
residual NaBH4. The hydrosol synthesized as such was denoted as Ag-1. A number of 
other hydrosols containing Ag nanoparticles of varying sizes were obtained by changing 
the composition of the reaction mixture (AgNO3, PVP, KOH, and NaBH4 solution), and 
were identified as Ag-2, Ag-3 Ag-4 and Ag-5 (Table 5.1).  
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5.2.2 Synthesis of Ag-Au alloy nanoparticles 
Ag-1 was used to prepare Ag-Au alloy nanoparticles with different compositions. 20 mL 
of Ag-1 was refluxed at 100oC. A measured amount (vida infra) of 1 mM HAuCl4 
(99.999%, Aldrich) solution was added to the hydrosol under vigorous stirring. The 
mixture was refluxed for 10 minutes before it was cooled down to room temperature. The 
hydrosol was aged for 24 hours and then centrifuged at 2000 rpm for 3 minutes to remove 
the AgCl precipitate. The supernatant was collected and characterized. The alloy 
nanoparticles obtained by adding 2.86, 4.44, 5.45 and 6.15 mL of 1 mM of HAuCl4 were 
labeled as AgAu-1, AgAu-2, AgAu-3 and AgAu-4 respectively. Similarly Ag-Au alloy 
nanoparticles with the same composition but different sizes were prepared by the 
replacement reaction between 20 mL of Ag hydrosol (Ag-2, Ag-3, Ag-4 or Ag-5) and 
4.44 mL of 1 mM of HAuCl4. The alloy nanoparticles prepared as such were labeled as 
AgAu-5, AgAu-6, AgAu-7 and AgAu-8 respectively. Ag-Pd alloy nanoparticles with 40 
at% Pd were also prepared by the replacement reaction between 20 mL of Ag-5 and 5.71 
mL of 1 mM PdCl2 solution as a demonstration of the general utility of this synthetic 
approach. 
 
5.2.3 Materials characterization 
A JEOL JEM2010 field emission transmission electron microscope was used to obtain 
TEM and HRTEM images and electron diffraction patterns of the nanoparticles. The 
particle composition was analyzed by an EDX analyzer attached to the microscope and 
validated by inductively coupled plasma spectroscopy (ICPS). For TEM measurements a 
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drop of the nanoparticle solution was drop-cast onto a 3 mm copper grid covered with a 
continuous carbon film. Excess solution was removed with an adsorbent paper and the 
sample was dried in vacuum at room temperature. UV-visible spectroscopy of the 
nanoparticle solution was performed on a Shimadzu UV-2450 spectrophotometer.  
 













































5.3 Results and Discussion 
Since the standard reduction potential of AuCl4-/Au (1.0 V vs standard hydrogen 
electrode, or SHE) is higher than that of the Ag+/Ag (0.80 V vs SHE), the silver 
nanoparticles formed upon NaBH4 reduction of Ag+ were oxidized to Ag+ by aqueous 
HAuCl4 solution according to the following replacement reaction: 
( ) 4( ) ( ) ( )3 3 4s aq s aqAg AuCl Au Ag Cl
+ + −+ → + +                                5-1 
The atomic gold produced would then alloy with the unreacted silver under appropriate 
conditions to form homogenous alloy nanoparticles. The AgCl byproduct was kept in the 
solution phase by the high temperature of preparation (100oC) to prevent its deposition on 
the surface of the alloy nanoparticles. In this way the alloy nanoparticles were free from 
AgCl contamination. The solubility produce of AgCl in water is ~1.8×10-10 at 20oC and 
increases to 1.2×10-6 at 100oC, which is higher than the product of [Ag+] and [Cl-] in the 
preparation. White AgCl precipitate appeared only after the hydrosol was cooled down to 
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room temperature. The AgCl precipitate was crystalline and could be easily removed by 
aging the hydrosol for 24 hours or by centrifuging the hydrosol at low speed, e.g. 2000 









Figure 5.2 A: EDX spectrum of alloy nanoparticles from AgAu-2; B:   
The change of atomic percentage of Au with the volume of 1 mM HAuCl4 solution.  
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5.3.1 Synthesis and characterization of Ag nanoparticles 
Fig. 5.1A is the TEM image of PVP-protected silver nanoparticles formed upon the 
NaBH4 reduction of AgNO3. Most particles were nearly spherical with an average 
diameter of 8.1 nm. The lattice fringes in the HRTEM image (Fig. 5.1B) are 0.236 nm 
apart, which agrees well with the (111) lattice spacing of fcc Ag. The colloid was 
yellowish brown in color and had an absorbance peak at 396 nm due to SPR. 
 
5.3.2 Synthesis and characterization of Ag-Au alloy nanoparticles 
The compositions of the nanoparticles recovered from the replacement reaction were 
analyzed by EDX and Fig. 5.2A shows the EDX spectrum of a typical alloy nanoparticle 
from AgAu-2. Table 2 provides a summary of the compositions of AgAu-1-4. As one 
gold atom was formed for every three Ag atoms consumed according to the stoichiometry 
of the replacement reaction, the atom% of Au in the alloy nanoparticles could be 
calculated by equation 5-2: 
nm
nxAu 2−=                                                                           5-2                                              
where m and n are the moles of Ag and HAuCl4, used in the preparation. Fig. 5.2B shows 
good agreement between the experimental measurements and the values calculated from 
equation 5-2. In addition to sampling the composition over relatively large areas 
containing a large number of particles, EDX analysis was also performed on three 
isolated nanoparticles for each of the colloids. The compositions from these single-
particle measurements were very close to the average compositions sampled from 
collections of particles. Such indication of uniformity in particle-to-particle composition, 
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and the concurrent presence of both Ag and Au in each particle, confirmed that the 
particles were a Ag-Au alloy and not a physical mixture of monometallic Ag and Au 
nanoparticles.  
 
Table 5.2. Atomic percentage of Au, absorbance peak and size of nanoparticles. 
 
nanoparticle volume of HAuCl4 
solution(mL) 
atomic% 

































Figure 5.3 A: Normalized UV-Visible spectra of Ag, Au and alloy nanoparticles. The 
inset shows the change of absorbance peak with the atomic percentage of Au; B: photos 
of Ag-1, AgAu-1, 2, 3 and 4 and Au nanoparticles (from right to left). 
 
Ag and Au nanoparticles and their alloy nanoparticles may be characterized by their 
absorption in the UV-visible region due to SPR. Fig. 5.3A shows the UV-visible spectra 
of AgAu-1, 2, 3 and 4 together with those of monometallic Ag and Au nanoparticles. The 
wavelengths at which absorption was maximum are given in Table 2. Only one SPR band 
was detected for each of AgAu-1, 2, 3 and 4 and the absorption maximum was always 
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located between the SPR of monometallic Ag (396nm) and monometallic Au (523nm). 
This is indication that the nanoparticles were an alloy rather than core-shell nanoparticles, 
or a mixture of monometallic nanoparticles. It is known that a physical mixture of 
monometallic Au and Ag nanoparticles has two absorption peaks due to the SPR of Au 
and Ag respectviely (Mallin and Myurphy, 2002). Core-shell nanoparticles would exhibit 
the same two absorption peaks, where one increases in absorbance with the increase in 
the concentration of that component, and a concomitant decrease in the absorbance of the 
other component (Mulvaney, 1996; Srnova-Sloufova et al., 2000). However, when the 
shell becomes thick enough, only the SPR from the shell is detectable (Mulvaney, 1996; 
Lu et al., 2002). The inset of Fig. 5.3A shows the absorption peak red shifted linearly and 
continuously from 396 to 524 nm with the increase in the Au content, which could also 
be visually detected as a progressive change in the hydrosol color from light yellow to 
pink (Fig. 5.3B). These observations are in agreeement with the theoretical predictions in 
previous papers based on the Mie theory (Mulvaney, 1996; Link et al., 1999), further 
confirming the formation of alloy nanoparticles of homogeneous composition. 
 
TEM and HRTEM were then used to analyze the bimetallic nanoparticles. TEM images 
of bimetallic Ag-Au core-shell nanoparticles are known to show banding in electron 
density with the dark region attributable to gold and the light region attributable to silver 
(Srnova-Sloufova et al., 2000; Mallik et al., 2001). The TEM images of the bimetallic 
particles prepared here (Fig. 5.4) did not show any banding. The uniform contrast for 
each particle indicates that scattering was distributed evenly throughout the particle 
volume, which is only possible if the particles were alloy. The absence of electron density 
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banding was also confirmed by HRTEM. Fig. 5.5A shows the HRTEM image of the 
nanoparticle in AgAu-2. The nanoparticles in AgAu-1, 3 and 4 had a similar appearance 
except for the size of the particles. Fig. 5.5A shows excellent atomic ordering within each 
particle. There was no lattice mismatch as expected from the highly similar lattice 
constants of 0.408 for Au and 0.409 for Ag. The experimentally observed uniform 





Figure 5.4 A-D: TEM images of nanoparticles from AgAu-1, 2, 3 and4. 
 
Fig. 5.5B shows the electron diffraction pattern of particles sampled from AgAu-2. The 
radii of the four ring patterns are in ratios of 11:8:4:3 , corresponding to the 111, 
200, 220 and 311 reflection of the fcc structure and hence confirm the alloy nanoparticles 
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to be isostructural with the starting Ag nanoparticles. The electron diffraction pattern is 
also indistinguishable from those of monometallic silver and gold nanoparticles because 
the Ag-Au alloy adopted the fcc structure of Ag and Au which have closely matched 
lattice constants. The electron diffraction patterns of other alloy nanoparticles are similar 




Figure 5.5 A: HRTEM image of a nanoparticle in AgAu-2; B: Electron diffraction(ED) 
pattern of nanoparticles from AgAu-2; The inset shows the diffraction pattern from Ag 
nanoparticles. The four rings (from inner to outer) correspond to the 111, 200, 220 and 
300 reflections. 
 
TEM images also showed a contraction in the starting Ag nanoparticle diameter after the 
replacement reaction (Fig. 5.4). Indeed there was a systematic decrease in the diameter of 
the alloy nanoparticles with the increase in Au content. This is to be expected from the 
stoichiometry of the replacement reaction which requires three silver atoms to be 
consumed for every gold atom deposited. There was therefore a net reduction in the total 
number of atoms per particle. Since the Au-Ag alloy has identical crystal structure to Ag 
                                                                                                                                                  Chapter 5  
 81
and the size of Au and Ag atoms are similar, the dependence of particle diameter on the 
number of atoms in a particle could be approximated by equation 5-3: 






alloy −=                                                                 5-3 
Fig. 5.6 shows that the experiment results are in reasonably good agreement with the 
values calculated from this simple relationship.  
 

























Figure 5.6 The change of the alloy nanoparticle size with the volume of 1mM HAuCl4 
solution. The points are the experimental values and the solid line is the values caculated 
from equation 5-3. 
 
Ag-Au alloy nanoparticles with the same composition (40% of Au) but variable sizes 
were also prepared. The TEM images (Fig. 5.7) of these nanoparticles show average 
diameters of 2.8, 4.6, 6.2 and 9.1 nm. According to equation 5-3, the size of alloy 
nanoparticles of the same composition is dependent on the size of the Ag nanoparticle 
seeds, which can be easily tuned by changing synthesis conditions such as the 
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concentrations of Ag+ and the protective agent, pH and ratio between Ag+, NaBH4 and 




Figure 5.7 TEM images of 40% Au alloy nanoparticles with different size. A: 
2.8nm(AgAu-5), 4.6nm(AgAu-6), 6.2nm(AgAu-7), 9.1nm(AgAu-8). 
 
5.3.3 Formation mechanism of the homogeneous Ag-Au alloy nanoparticles 
It is an interesting observation that homogenous alloy nanoparticles were formed as a 
result of the replacement reaction. This indicates that the alloying between Au and Ag 
was concurrent with the replacement reaction. It is known that a homogenous solid 
solution of Ag and Au is thermodynamically more stable than pure Au or Ag (Shi et al., 
2000).  Alloy formation requires the interdiffusion of Au and Ag atoms, which is 
generally slow for bulk gold and silver. However, the rate of diffusion can increase 
rapidly with the decrease in particle dimension, increase in temperature, and the presence 
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of vacancy defects (Yasuda and Mori, 1992; Wonell et al., 1992; Dick et al., 2002; 
Shibata et al., 2002; Ouyang et al., 2006). The increase in interdiffusion rate by reduced 
dimension has been witnessed before: the magnitude of interdiffusion coefficient of Ag 
and Au was found to be strongly particle size dependent (Ding and Erlebacher, 2003). 
Dick et al. measured the diffusion coefficient of gold in 2 nm gold nanoparticles to be 
about 10-24cm2s-1 at room temperature (Dick et al., 2002), orders of magnitude higher 
than the value of 10-32cm2s-1 for bulk gold. Rapid interdiffusion of metal atoms on the 
nanometer scale has also been experimentally confirmed by the rapid alloying of two 
metals when one of them was deposited on the nanoparticles of the other even at ambient 
temperature (Yasuda and Mori, 1992; Sra and Schaak, 2004). The interdiffusion of gold 
and silver atoms also benefits greatly from the increase in temperature (Dick et al., 2002). 
According to the Arrhenius equation, the interdiffusion coefficient increases from 10-
24cm2s-1 to 10-19cm2s-1 when the temperature is increased from 20oC to 100oC (Sun and 
Xia, 2004). Furthermore, vacancy defects at the interface between the two metals also 
contribute to the interdiffusion rate (Shibata et al., 2002). A large number of vacancies 
were created during the replacement reaction since three silver atoms had to be removed 
for every gold atom deposited. The use of small Ag nanoparticle templates and elevated 
temperatures, and the presence of a large number of vacancy defects created by the 
replacement reaction in the current method of preparation, fulfill the conditions for rapid 
alloy formation, and the ease of formation of homogeneous alloy nanoparticles is not 
totally unexpected. 
 
                                                                                                                                                  Chapter 5  
 84
This current method of preparation has some very notable advantages: 1) ease of control 
of both the size and composition of the alloy nanoparticles; 2) the alloy nanoparticles can 
be produced in high concentrations; 3) it can be used to prepare alloy nanoparticles that 
cannot be obtained by the co-reduction method.  
 
One major advantage of the current method is the ease of tuning the size and composition 
of the alloy nanoparticles. The size of nanoparticles is often tuned by controlling the 
environmental factors in the nucleation and growth process (e.g. nature of the reducing 
and stabilizing agents, precursor concentration, ratios of reducing and stabilizing agents 
to the precursor, and temperature). Tuning the size of alloy nanoparticles is a great 
challenge while it is relatively easy for the monometallic nanoparticles. This is because 
the composition of alloy nanoparticles is also strongly dependent on the environmental 
factors and changes in the latter can bring about simultaneous changes in both size and 
composition. The current method of preparation offers independent size and composition 
control, thereby decoupling the environmental impact on these two important product 
attributes. The composition of the alloy nanoparticles is controlled by the HAuCl4 to Ag 
ratio according to equation 5-2. With m and n specified the size of the alloy nanoparticles 
is controlled by the size of the Ag nanoparticles (dAg) according to equation 5-3. In 
addition, the size of the monometallic Ag nanoparticle seeds can be varied in a number of 
ways according to established prodcedures (Taleb et al., 1997 ; Lin et al., 2003). As the 
properties of alloy nanoparticles depend on both size and composition, the ability for 
individual tuning of size and composition can significantly increase the degrees of 
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freedom in tailoring the properties of the alloy nanoparticles for enhanced application 
performance. 
 
The second major advantage of the current method is the production of alloy 
nanoparticles in relatively high concentrations. In the commonly used co-reduction 
method, the alloy nanoparticles have to be produced in very low concentrations (less than 
10-5M) to prevent the contamination of the product nanoparticles by AgCl because of the 
low solubility product of the latter in water at 20oC (ksp= ~1.8×10-10). The solubility 
product of AgCl is increased by four times at 100oC, correspondingly the usable Ag+ 
concentration is about 2 orders of magnitude higher than what is possible with co-
reduction at room temperature. Therefore in the replacement reaction carried out at 100oC, 
the silver chloride formed was completely soluble. The Ag+ concentration in the solution 
could be 10-3M or higher, depending on the composition of the alloy.  Solid AgCl was 
salted out from the solution only after the hydrosol was cooled down to room temperature, 
and it could be easily removed as a separate phase while the alloy particles stayed 
suspended in the solution. The ability to use temperature manipulation to separate the two 
products of the replacement reaction allows the alloy nanoparticles to be produced in 
relatively pure form without AgCl contamination and in high concentrations. Compared 
with the preparation of alloy nanoparticles by co-reduction at 100oC carried out by Link 
(Link et al., 1999), the alloy nanoparticles produced by the replacement reaction at 100oC 
were much smaller, with improved ease of independent size and composition control.  
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Another advantage of the current method is that it can produce nanoparticles that cannot 
be prepared by the co-reduction method. A good example is the Ag-Pd system where co-
reduction of Ag and Pd precursors would only produce core-shell nanoparticles instead of 
alloy nanoparticles due to the difference in the reduction potentials of Ag and Pd. On the 
other hand Ag-Pd alloy nanoparticles can be prepared relatively easily by the current 
method (Fig. 5.8). The preparative protocol is extendable to any alloy system provided 
the following requirements are met: 1) reducibility of the precursor of one metal by the 
nanoparticles of the other metal; and 2) the two metals must have the same crystal 
structure and similar lattice parameters to enable complete solid solution formation. 
These conditions are also met by the Ag-Pd system, namely the oxidizability of Ag 
nanoparticle by Pd2+ (E (Pd2+/Pd) = 0.95V (SHE), E (Ag+/Ag) = 0.80V SHE)) and the 




Figure 5.8 TEM image of Ag-Pd alloy nanoparticles. 
 
Our results did not contradict with those of other authors despite their apparent 
differences since the replacement reaction was carried out under different conditions. The 
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replacement reaction between Ag nanoparticles and HAuCl4 involves a number of steps 
including the oxidative dissolution of Ag atoms, the reduction of AuCl4- and deposition 
of the Au atoms formed, and the counterdiffusion of vacancies and atoms. Usually, Ag 
dissolution and Au deposition occur on different sites, thereby allowing the Au atoms to 
alloy with the unreacted Ag atoms. The rates of Ag dissolution, Au atom deposition, and 
the interdiffusion of Ag and Au atoms and vacancies are dependent on the crystal 
structure of the Ag nanoparticles (for example: single-crystal cubooctahedral, multiply-
twinned decahedral or icosahedral) and environmental factors such temperature, solvent 
and the effectiveness of the stabilizing agent. The vacancy defects created in the 
replacement reaction are annihilated by forming an internal cavity or by diffusion to the 
outer surface of the particle. In the case of small nanoparticles (<10 nm in the current 
case), the enhanced diffusion rate due to reduced particle dimension and the small 
thickness ease the diffusion of vacancy defects to the outer surface. Even in the event that 
small voids are present inside a particle, Ostwald ripening will occur quickly to transform 
the particle into a solid one to lower its total surface energy. Consequently solid 
nanoparticles were formed as the primary product.  
 
5.4 Conclusion 
Au-Ag alloy nanoparticles were prepared by the replacement reaction between Ag 
nanoparticles and HAuCl4 at 100oC.  UV-visible spectroscopy, SAEDX, TEM and 
HRTEM all confirmed the formation of homogeneous alloy nanoparticles. The alloy 
nanoparticles were formed by the rapid interdiffusion of Au and Ag atoms as a result of 
the reduced dimension of the silver nanoparticles, elevated temperature and the large 
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number of interfacial vacancy defects generated by the replacement reaction. The method 
has several notable advantages such as the ease of independent control of both size and 
composition of the alloy nanoparticles, and the production of the alloy nanoparticles in 
relatively high concentrations. This method can also be used to prepare alloy 
nanoparticles which cannot be obtained by the common co-reduction method, such as 
Ag-Pd.  
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CHAPTER 6  
SYNTHESIS OF MONODISPERSE HYDROPHOBIC 
SILVER-GOLD ALLOY NANOPARTICLES WITH 
INDEPENDENTLY TUNABLE MORPHOLOGY, 
COMPOSITION, SIZE AND SURFACE CHEMISTRY 
AND THEIR 3-D SUPERLATTICES 
 
6.1 Introduction 
In Chapter 5, replacement reaction between Ag nanoparticles and HAuCl4 was used to 
prepare hydrophilic Ag-Au alloy nanoparticles. In this chapter, this method was extended 
to hydrophobic nanoparticles and a refined procedure was developed to produce highly 
monodisperse Ag-Au alloy nanoparticles with independently tunable nanoparticle 
attributes. Monodisperse Ag-Au alloy nanoparticles with two different morphologies 
were prepared: single-crystalline truncated octahedral (TO) nanoparticles and multiply 
twinned particles (MTPs) with icosahedral morphology. The TO morphology was then 
used as the model system to demonstrate the preparation of Ag-Au alloy nanoparticles 
with the same size but different compositions; alloy nanoparticles with the same 
composition but different sizes and nanoparticles with different surface chemistries. The 
as-synthesized alloy nanoparticles could easily form 3-D superlattices by self-assembly 
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because of their uniform size distribution. In this new method of preparation which 
consists of multiple steps, morphology, size, and composition control is applied in 
different independent steps. This procedure not only offers monodispersity control of 
alloy nanoparticles, but also customizable shape, size, composition and surface chemistry. 
The monodisperse alloy nanoparticles prepared as such can then be used in systematic 
mapping studies to generate structure-property relationships. This should enhance the 
understanding of the physics and chemistry underlying the tunability of nanomaterial 
properties.  
 
6.2 Experimental section 
6.2.1 Synthesis of single-crystalline TO Ag nanoparticles 
200mg AgNO3 (99.8% Merck) and 2 mL dodecylamine (98% Aldrich) were added to 24 
mL toluene (99%, Aldrich) and stirred for 4 hours. 24 mL 0.5M NaBH4 (98%, Fluka) 
aqueous solution was then introduced quickly under rigorous stirring. The mixture was 
stirred for 2 more hours and the organic phase was collected. The Ag nanoparticles in the 
organic phase were precipitated by ethanol and washed thrice by ethanol to remove the 
free ligands, unreacted reactants, intermediates and by-products. 
 
6.2.2 Synthesis of icosahedral Ag MTPs 
A solution of 0.3 g 1,2-hexadecanediol (90%, Aldrich) in 10 mL 4-tert-butyl toluene 
(TBT, 99%, Aldrich) was heated to its boiling point. A solution of 0.1g AgNO3 and 1 mL 
oleylamine (70%, Aldrich) in 6 ml TBT was injected into the boiling mixture under 
vigorous stirring by the magnetic stir-bar. The formation of silver nanoparticles was 
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indicated by an instant change of the solution color to yellow. After five minutes of 
stirring, the reaction system was cooled down to room temperature. The Ag nanoparticles 
formed were precipitated by ethanol and washed thrice by ethanol to remove the free 
ligands, unreacted reactants, intermediates and by-products. 
 
6.2.3 Narrowing the size distribution of Ag nanoparticles 
The size distributions of the TO and icosahedral  Ag nanoparticles synthesized by above 
methods were narrowed by the digestive ripening method reported in the literature, after 
some minor modifications (Stoeva et al., 2002). Briefly, 200 mg Ag nanoparticles was re-
dispersed in 60 mL TBT followed by the addition of a calculated amount of 
dodecylamine (or oleylamine or dodecanethiol) to the organsol. The molar ratio between 
Ag and amine (or thiol) was 1:20. After refluxing the mixture for 48 hours under argon 
atmosphere and magnetic-bar stirring, the organsol was cooled down and diluted to 300 
mL with TBT. The single-crystalline TO Ag nanoparticles after digestive ripening size-
refinement were designated as Ag-0, and used as seeds in subsequent steps. 
  
6.2.4 Tuning the size of single-crystalline TO Ag nanoparticles 
Ag nanoparticles with different sizes were obtained by seed-mediated growth using the 
size-refined Ag-0 nanoparticles as the seeds. Briefly, hydrophobized Ag+ were first 
prepared by transferring Ag+ from water to toluene using tetra-n-octylammonium 
bromide (TOAB 98%, Acros). 20 mg 1,2-hexadecanediol was added to 15 ml 1mM Ag-0 
nanoparticle solution and the mixture was heated to boiling. The hydrophobized Ag+ 
solution was then added drop-wisely. The mixture was refluxed for 1 hour before cooling 
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down. The Ag nanoparticles formed were precipitated by ethanol, washed thrice with 
ethanol and re-dispersed in toluene. Ag nanoparticles with different sizes could be 
prepared from the Ag-0 seeds. They were identified as Ag-1, Ag-2, Ag-3, Ag-4, Ag-5 
and Ag-6 respectively. The size of these nanoparticles and the Ag seed to Ag ion molar 
ratios used in the preparation are shown in Table 6.1.  
  




Ag NPs Ag:Ag+ Diameter(nm) 
Ag-0 1:0 6.1±0.5 
Ag-1 1:0.5 7.0±0.5 
Ag-2 1:1 7.7±0.5 
Ag-3 1:1.5 8.3±0.5 
Ag-4 1:2 8.8±0.5 
Ag-5 1:3 9.7±0.5 
Ag-6 1:5 11.1±0.5 
 
6.2.5 Synthesis of Ag-Au alloy nanoparticles 
Ag-Au alloy nanoparticles were prepared by the replacement reaction between Ag 
nanoparticles and HAuCl4 (Aldrich, 99.999%). Hydrophobized HAuCl4 was prepared by 
transferring it from an initial aqueous solution to toluene by TOAB. 20 mL 0.5mM Ag 
organsol was heated to boiling point and different amounts (in mL) of 1mM toluene 
solution of HAuCl4 were added in a drop-wise fashion. The mixture was refluxed until 
the color of the organsol stabilized. The final color of the organsol was brown, red or 
pink, depending on the ratio between Ag and HAuCl4. A number of alloy samples were 
prepared. As a matter of reference, single-crystalline TO Ag-Au alloy nanoparticles with 
the same size (6.1 nm) but different compositions were labeled as Ag0.75Au0.25, 
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Ag0.50Au0.50, Ag0.25Au0.75 and Ag0Au1.0 respectively. Single-crystalline TO Ag-Au alloy 
nanoparticles with the same composition (50% of Au) but different sizes were labeled as 
Ag0.50Au0.50-1, 2 3 and 4, respectively. The Ag to HAuCl4 ratios and the Ag templates 
used in the replacement reaction are summarized in Table 6.2 and Table 6.3. 
 
Table 6.2 The starting Ag nanoparticles, Ag/HAuCl4 ratio and the composition of Ag-Au 
alloy nanoparticles with the same size. 
 
Ag NPs Alloy NPs Ag: HAuCl4 Diameter(nm) Au%(atomic)
Ag-1 Ag0.75Au0.25 1:0.17 6.1±0.5 24.1 
Ag-2 Ag0.50Au0.50 1:0.25 6.1±0.5 49.6 
Ag-3 Ag0.25Au0.75 1:0.3 6.1±0.5 76.0 
Ag-4 Ag0Au1.0 1:0.34 6.1±0.5 100 
 
Table 6.3 The starting Ag nanoparticles, Ag/HAuCl4 ratio, and the size of Ag-Au alloy 
nanoparticles with the same composition. 
 
Ag NPs Alloy NPs Ag: HAuCl4 Diameter(nm) Au%(atomic)
Ag-1 Ag0.50Au0.50-1 1:0.25 5.6±0.5 50.2 
Ag-3 Ag0.50Au0.50-2 1:0.25 6.6±0.5 49.3 
Ag-5 Ag0.50Au0.50-3 1:0.25 7.7±0.5 49.6 
Ag-6 Ag0.50Au0.50-4 1:0.25 8.8±0.5 50.5 
 
6.2.6 Materials characterizations  
TEM images and electron diffraction pattern were taken on a JEOL JEM 2010 operating 
at 200 kV accelerating voltage. The superlattices were formed by slowly evaporating a 
drop of nanoparticle solution on a carbon-coated copper grid. HRTEM image were take 
on a AEM 2010 TEM operating at 200 kV accelerating voltage. An energy-dispersive X-
ray (EDX) analyzer attached to the AEM 2010 TEM was used to analyze the 
compositions of the alloy nanoparticles. UV/vis spectra of the nanoparticles were 
collected by a Shimadzu 2450 UV/vis spectrophotometer at room temperature. 




DT: docanethiol; OA: oleylamine; DA:dodecylamine 
 
 
Scheme 6.1  Overview of the steps in the preparation of monodisperse Ag-Ag alloy 
nanoparticles with tunable morphology, size, composition and surface chemistry and their 
assembly into 3-D superlattices. 
 
6.3 Results and discussion 
Ag-Au alloy nanoparticles were synthesized based on the procedures outlined in Scheme 
6.1. Firstly, single-crystalline TO Ag nanoparticles and icosahedral Ag MTPs with 
exclusively one type of morphology but broad size distributions were prepared from the 
reduction of AgNO3. The morphology of the nanoparticles (single crystalline TO Ag 
nanoparticles or icosahedral MTPs) was dependent on the synthesis conditions. The size 
of the Ag nanoparticles was then narrowed by a digestive ripening procedure while 
keeping the morphology of the Ag nanoparticles unchanged. The size of the single-
crystalline TO Ag nanoparticles could then be varied by seed-mediated growth. 
Specifically the final size was determined by the molar ratio between the Ag seeds and 
AgNO3 added. Ag-Au alloy nanoparticles were synthesized by the replacement reaction 
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between Ag nanoparticles and HAuCl4. The size, morphology and surface chemistry of 
the alloy nanoparticles depended on those of the starting Ag nanoparticles. On the other 
hand the composition of the alloy nanoparticles depended upon the Ag/HAuCl4 molar 
ratio. Finally, 3-D superlattices were fabricated by slowly evaporating the solvent on 
substrates of carbon-coated copper grids. 
 
 6.3.1 Synthesis of monodisperse Ag nanoparticles with different sizes and 
morphologies. 
 
6.3.1.1 Synthesis of polydisperse single-crystalline TO Ag nanoparticles and 
icosahedral Ag MTPs 
Fig. 6.1A shows the TEM image of Ag nanoparticles prepared by the NaBH4 reduction of 
AgNO3. The particles were polydisperse with size varying from 2-22 nm. Nevertheless 
the uniform contrast throughout the volume of each particle indicates that the particles 
are single-crystalline. Fig. 6.1B is the HRTEM image of a representative particle oriented 
along <110>. The ordered atomic arrangement within the particle further confirms that 
the Ag nanoparticle is single-crystalline. Upon scrutiny the apparent spherical appearance 
of the particles is indeed truncated octahedral. The HRTEM image of a nanoparticle 
oriented along [110] confirms this (inset of Fig. 6.1B). 
 
Fig. 6.1C shows the TEM image of Ag nanoparticles synthesized by the polyol method. 
The size of the as-synthesized Ag nanoparticles varied from 2-14 nm. The broad size 
distribution indicates that the Ag nanoparticles were highly polydisperse. The particles in 
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the TEM image show butterfly-like contrast characteristic of the multiply twinned 
particles (MTPs).  While the most common types of MTPs are decahedra and icosahedra, 
the HRTEM image in Fig. 6.1D suggests that the particles are icosahedral based on the 
good match of the lattice fringes with the simulated HRTEM image of an icosahedral 





Figure 6.1 A: TEM image of Ag nanoparticles prepared by NaBH4 reduction; B: 
HRTEM image of a Ag nanoparticle prepared by NaBH4 reduction, the topmost inset 
shows the FFT pattern of the HRTEM image, the middle inset shows the schematic 
diagram of a TO, the bottom inset shows the TO as viewed from the <110> direction; C: 
TEM image of Ag nanoparticles prepared by polyol synthesis D: HRTEM image of a Ag 
nanoparticle prepared by polyol synthesis, the inset shows the schematic illustration of an 
icosahedron. 
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6.3.1.2 Narrowing the size distributions of Ag nanoparticles 
Although the morphology of the as-synthesized Ag nanoparticles was exclusively single-
crystalline TO or icosahedral MTPs, the size distributions of the nanoparticles were broad. 
This was caused by uncontrolled and simultaneous occurrence of nucleation and growth 
during the Ag nanoparticle formation process. It is known that the generation of 
monodisperse nanoparticles requires “separation of nucleation and growth”, e. g. burst 
nucleation in a homogeneous solution system within an extremely short period followed 
by slow growth. In the NaBH4 reduction method and polyol synthesis, the reduction 
kinetics was not fast enough to produce the supersaturation required for burst nucleation, 
and hence polydispersivity results. Although the size distribution of the nanoparticles 
may be narrowed using a size-selective precipitation process, the yield of this process is 
quite low (Murray et al., 2000). On the other hand, the size distribution of single-
crystalline TO Ag nanoparticles and icosahedra Ag MTPs could be substantially 
narrowed very effectively by the digestive ripening procedure while keeping their 
morphology intact, as shown below. 
 
Fig. 6.2A is the TEM image of single-crystalline Ag nanoparticles that were subjected to 
digestive ripening using dodecylamine as the ripening agent. During digestive ripening, 
dodecylamine serves as both capping agent and digestive ripening. The size of the treated 
Ag nanoparticles was 6.1±0.5nm, indicating significant narrowing of the size distribution 
compared with initial 12.4±5.1.5nm. Both the uniform contrast within each particle in the 
TEM image and the ordered atomic arrangement in the HRTEM image (Fig. 6.2B) 
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indicate that the Ag nanoparticles after digestive ripening were still single-crystalline 
nanoparticles with TO morphology. Fig. 6.2C shows the TEM image of icosahedral Ag 
MTPs that were subjected to digestive ripening. Again size refinement is evident from the 
narrowing of the size distribution from 9.1±3.6nm to 9.6±0.5nm.  The butterfly-like 
contrast in the TEM image and the five-fold symmetric lattice fringe in the HRTEM 
image (Fig. 6. 2D) confirm that the initial icosahedral geometry was not affected by the 





Figure 6.2 A: TEM image of Ag nanoparticles prepared by NaBH4 reduction after 
digestive ripening with  dodecylamine; B: HRTEM image of a Ag nanoparticle prepared 
by NaBH4 reduction after digestive ripening C: TEM image of polyol-synthesized Ag 
nanoparticles after digestive ripening; D: HRTEM image of a polyol-synthesized Ag 
nanoparticle after digestive ripening. 
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While the size of both the single-crystalline TO Ag nanoparticles and that of the 
icosahedral Ag MTPs were very narrow after digestive ripening, the TEM images show 
that the size of the single-crystalline TO Ag nanoparticles and that of the icosahedral Ag 
MTPs were different after digestive ripening. The microscopic mechanism of digestive 
ripening is not known as yet. It may involve the etching and dissolution of the Ag atoms 
from the particle surface and re-deposition of the free atoms onto the particle surface 
(Formation of new nuclei may also be involved in some cases.). The final size of the Ag 
nanoparticles after digestive ripening is determined by the kinetic competition of the 
dissolution and deposition of Ag atoms. It is known that these two types of Ag 
nanoparticles have different distributions of crystallographic planes on their surfaces. The 
single-crystalline TO Ag nanoparticles are bounded by 8 {111} planes and 6 {100} 
planes while the icosahedral Ag MTPs are bounded by 20 {111} planes. The interaction 
between the {111} planes of Ag and the digestive ripening agent is different from that of 
the {100} planes. This may account for the difference in the sizes observed in single-
crystalline TO Ag nanoparticles and icosahedral MTPs. 
 
Digestive agents other than dodecylamine could also be used. Fig. 6.3A & 3B show the 
TEM images of single-crystalline Ag nanoparticles after digestive ripening by oleylamine 
and dodecanethiol agents respectively. Dodecylamine, the initial particle capping agent, 
was displaced by oleylamine or dodecanethiol during digestive ripening because of the 
large oleylamine (or dodecanethiol)/dodecylamine ratio used. The size of the Ag 
nanoparticles was refined to 8.1±0.5nm and 6.9±0.5nm respectively. This indicates that 
the final sizes of Ag nanoparticles using dodycelamine, oleylamine and dodecanthiol as 
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digestive agent are different. This is consistent with the report of Klabunde’s group that 
the final size of Au nanoparticles subjected to digestive ripening was influenced by both 
the headgroup and the chain length of the digestive ripening agent (Prasad et al., 2002; 
Prasad et al., 2003). Since these ligands serve as both capping agent and digestive agent, 
their headgroups will influence the growth rate and etching rate of the Ag atoms, and 
their chain length will influence the diffusion of the Ag atoms from or to the particle 
surface. Therefore, changing the ligands would lead to Ag nanoparticles with different 




Figure 6.3 A: TEM image of Ag nanoparticles prepared by NaBH4 reduction after 
digestive ripening using oleylamine; B: TEM image of Ag nanoparticles prepared by 
NaBH4 reduction after digestive ripening using dodecanethiol. 
 






Figure 6.4 TEM images of single-crystalline Ag nanoparticles with different sizes. A-F: 
Ag-1, 2, 3, 4, 5 and 6. Inset in Fig. 6.4F shows the HRTEM image of a Ag nanoparticle in 
Ag-6. 
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6.3.1.3 Enlargement of the size of single-crystalline TO Ag nanoparticles 
By using the monodisperse single-crystalline TO Ag nanoparticles as seeds, Ag 
nanoparticles with larger size were formed by the epitaxial deposition of extraneous Ag 
atoms formed in the AgNO3 reduction reaction onto the surfaces of the seed nanoparticles.  
 
Fig. 6.4A-F are TEM images of the progressively enlarged Ag nanoparticles, with Table 
6.1 providing a succinct summary of their size distributions. It can be seen that the size 
enlargement was accomplished without broadening the particle size distribution. The 
final size of the Ag nanoparticles could be manipulated by the molar ratio of Ag seeds to 
the AgNO3 added. The uniform contrast within each particle in the TEM image and the 
ordered atomic arrangement in the HRTEM image of individual nanoparticle (inset of Fig. 
6.4F) indicate that the enlarged nanoparticles were also single-crystalline.  
 
6.3.2 Synthesis of Ag-Au alloy nanoparticles with independently tunable morphology, 
composition, size and surface chemistry.   
By using the as-synthesized monodisperse Ag nanoparticles as templates, monodisperse 
Ag-Au alloy nanoparticles were prepared by the replacement reaction between Ag 
nanoparticles and HAuCl4. 
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Figure 6.5 A typical EDX spectrum of Ag-Au alloy nanoparticles. 
 
6.3.2.1 Synthesis of Ag-Au alloy nanoparticles with different morphologies 
Both single-crystalline TO Ag nanoparticles (Ag-0) and icosahedral Ag MTPs were used 
as templates to react with HAuCl4. The molar ratio of Ag nanoparticles to HAuCl4 was 
1:0.25 in both cases. The compositions of the nanoparticles recovered from the 
replacement reaction were analyzed by EDX. The EDX analysis was performed over a 
large sampling area covering approximately 500 nanoparticles and also over three 
isolated nanoparticles of each type. Fig. 6.5 is a typical EDX spectrum of the 
nanoparticles formed in the replacement reaction. Both Ag and Au were detected in 
single-particle measurements indicating that the nanoparticles formed were truly 
bimetallic. The composition from single-particle measurements was very close to the 
average composition sampled from a collection of particles. This indicates that the 
composition of bimetallic nanoparticles was uniform from particle to particle. The Au 
contents in the bimetallic nanoparticles prepared from single-crystalline TO Ag 
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nanoparticles and icosahedral Ag MTPs were 51.2% and 50.4%, respectively. These 





Figure 6.6 A: TEM image of the single-crystalline Ag-Au alloy nanoparticles; B: 
HRTEM image of a typical single-crystalline Ag-Au alloy nanoparticle; C: TEM image 
of the icosahedral Ag-Au alloy MTPs; D: HRTEM image of a typical icosahedral Ag-Au 
alloy MTP viewed along the three-fold symmetry axis. 
 
Fig. 6.6A shows the TEM image of product nanoparticles from the replacement reaction 
between Ag-0 and HAuCl4. TEM images of bimetallic Ag-Au core-shell nanoparticles 
are known to show banding in electron density with the dark region attributable to gold 
and the light region attributable to silver. The TEM image and HRTEM image (Fig. 6.6B) 
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of the bimetallic particles prepared here did not show any banding. The uniform contrast 
in each particle indicates that electron scattering was evenly distributed throughout the 
particle volume, which is only possible if the bimetallic particles were a homogenous 
solid solution, i.e. an alloy (the formation of alloy nanoparticles was also confirmed by 
the UV/vis spectroscopy, vida infra). The uniform contrast within each particle in the 
TEM image also implies that the alloy nanoparticles were single-crystalline. The single-
crystallinity of the alloy nanoparticles was corroborated by the excellent atomic ordering 
shown in the HRTEM image of the particle (Fig. 6.6B). The size of the alloy 
nanoparticles was 4.8±0.5nm, a notable decrease from the starting Ag nanoparticles (6.1 
nm). The size decrease was expected from the stoichiometry of the replacement reaction 
which requires three silver atoms to be displaced for every gold atom deposited, which 
may be predicted by equation 5-3. The narrow size distribution of the Ag-Au alloy 
nanoparticles indicates that the alloy nanoparticles were also highly monodisperse. 
Monodispersity of alloy nanoparticles is expected from the monodispersity of the starting 
Ag nanoparticle templates and a reaction condition that assured identical size change for 
each particle.  
 
Fig. 6.6C shows the TEM image of nanoparticles obtained by the replacement reaction 
between icosahedral Ag MTPs and HAuCl4. The size of the resultant alloy nanoparticles 
was 7.9±0.5nm, indicating preservation of the monodispersivity of the Ag MTP templates. 
The size of the alloy nanoparticles also agrees well with calculation based on equation 5-
3. The TEM image of the alloy nanoparticles again shows the butterfly-like contrast of 
the starting Ag nanoparticles. Fig. 6.6D shows the HRTEM image of an alloy 
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nanoparticle imaged along the three-fold symmetry axis. The starburst-like contrast 
within the particle is consistent with the simulated HRTEM image of an icosahedral MTP 
oriented as such (Harfenist et al., 1997). Both the butterfly-like contrast in the TEM 
image and the characteristic lattice fringes in the HRTEM image suggest that the Ag-Au 
alloy nanoparticles were also MTPs.  
 
Hence the replacement reaction under our experimental conditions was able to retain the 
crystal structure of the starting Ag nanoparticle templates, forming isomorphous Ag-Au 
alloy nanoparticle products: single-crystalline alloy nanoparticles from single-crystalline 
TO Ag templates and MTP alloy nanoparticles from icosahedral Ag MTP templates). 
This offers the opportunity to control the morphology of Ag-Au bimetallic alloy 
nanoparticles by simply changing that of the starting Ag nanoparticles in the replacement 
reaction. 
 
6.3.2.2 Synthesis of single-crystalline TO Ag-Au alloy nanoparticles with the same 
size but different compositions 
According to equation 5-3, the size of alloy nanoparticles would decrease with the 
increase in Au fraction. In order to obtain alloy nanoparticles with different compositions 
but of the same size, the replacement reaction has to make use of templates of Ag 
nanoparticles with different sizes.  
 
Ag 1-4 were used as templates to synthesize alloy nanoparticles with different 
compositions but of the same size. The Ag/HAuCl4 ratios used for the replacement 
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reaction and product attributes such as composition and size are summarized in Table 6.2.  
The experimental measured Au contents of Ag0.75Au0.25, Ag0.50Au0.50, Ag0.25Au0.75 and 
Ag0Au1.0 were 24.1%, 50.6%, 76.7% and 100% respectively, The good agreement 
between the measurements and the values calculated from equation 5-3 (25%, 50%, 
75.5%, 100%) demonstrates the reliability in tuning the composition of the Ag-Au alloy 
nanoparticles by simply changing the Ag/HAuCl4 ratio. From the TEM images of the 
Ag0.75Au0.25, Ag0.50Au0.50, Ag0.25Au0.75 and Ag0Au1.0 nanoparticles in Fig. 6.7A-D, the 
particle size was an unvarying 6.1±0.5nm, thereby confirming the controllability of 
particle size in composition tuning by the replacement reaction.  
 
 
Since the size of the alloy nanoparticles and the size of the starting Ag nanoparticles are 
related by equation 5-2, the size of the starting Ag nanoparticles required for the 
formation of alloy nanoparticles of any given composition can be easily calculated. That 
size requirement can be satisfied by seed mediated growth using Ag seed particles and by 
controlling the Ag seeds to extraneous Ag+ ratio. Hence alloy nanoparticles with any 
prescribed composition and size can be produced rather conveniently.  






Figure 6.7 Ag-Au alloy nanoparticles of the same size but different compositions. A-D: 
TEM image of Ag0.75Au0.25, Ag0.50Au0.50, Ag0.25Au0.75 and Ag0Au1.0; E: Absorption 
spectra of Ag nanoparticles and Ag0.75Au0.25, Ag0.50Au0.50, Ag0.25Au0.75 and Ag0Au1.0, the 
inset shows their corresponding digital pictures; F: Changes in the location of the 
absorbance peaks of alloy nanoparticles with Au fraction. 
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Ag and Au nanoparticles and their bimetallic nanoparticles absorb strongly in the UV/vis 
region due to surface plasmon resonance (SPR). The as-synthesized bimetallic 
nanoparticles could therefore be characterized by UV/vis spectroscopy. Fig. 6.7E shows 
the Uv/vis spectra of Ag0.75Au0.25, Ag0.50Au0.50, Ag0.25Au0.75 and Ag0Au1.0 together with 
the spectrum of monometallic Ag nanoparticles of the same size. Only one absorption 
band was detected for each of the samples and the absorption peaks of Ag0.75Au0.25, 
Ag0.50Au0.50 and Ag0.25Au0.75 were located between those of the monometallic Ag 
nanoparticles (413nm) and monometallic Au nanoparticles (532nm). Fig. 6.7F shows that 
the absorption peak of the bimetallic nanoparticles red-shifted linearly from 413 nm (Ag 
nanoparticles) to 532 nm (Au nanoparticles) with the increase in the Au mole fraction. 
Theoretical calculations corroborated by experimental observations have confirmed that 
linearity of the red-shift may be used to infer the formation of alloy nanoparticles 
(Mulvaney, 1996). The red-shift could also be visually detected as a progressive change 
in the organosol color from light yellow to pink (inset of Fig. 6.7E). 
 
6.3.2.3 Synthesis of Ag-Au alloy nanoparticles with different sizes but the same 
composition 
Alloy nanoparticles with the same composition but different sizes could be prepared by 
the replacement reaction between HAuCl4 and different sizes of Ag nanoparticles using a 
fixed Ag/HAuCl4 ratio. Specifically Ag-1, 3, 5 and 6 were prepared at a Ag/HAuCl4  ratio 
of 25. EDX analysis measures close to 50% of Au in all of the product nanoparticles 
(Table 6.3), attesting to their composition similarity. Fig. 6.8A-D are the TEM images of 
Ag0.50Au0.50-1, 2 3 and 4, where the measured particle size of 5.6±0.5nm, 6.6±0.5nm, 
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7.7±0.5 and 8.8±0.5 nm are in good agreement with the values calculated from equation 
5-3. Hence Ag-Au alloy nanoparticles with the same composition (50% Au) and different 
sizes could be produced by this particular approach of using fixed Ag/HAuCl4 ratio and 





Figure 6.8 TEM images of Ag-Au alloy nanoparticles with the same composition but 
different size. A-D: Ag0.50Au0.50-1, 2 3 and 4. 
 
In summary we have demonstrated the successful decoupling of particle size and 
composition control in the preparation of Ag-Au alloy nanoparticles. While the success 
was illustrated independently by 6.1nm alloy nanoparticles of different compositions and 
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50% Au alloy nanoparticles of different sizes, the approach is indeed generic and may be 
applied to the preparation of Ag-Au alloy nanoparticles of any size and any composition. 
This is because the composition of the alloy nanoparticles is controlled by the 
Ag/HAuCl4 ratio calculated from eq. 5-2, whereras the size of alloy nanoparticles is 
controlled by the size of the starting Ag nanoparticles, which may be calculated from 
equation 5-3 and prepared by seed mediated growth from size-refined seeds. 
 
6.3.2.4 Synthesis of Ag-Au alloy nanoparticles with different surface chemistry 
Fig. 6.9A & B are the TEM and HRTEM images of Ag-Au alloy nanoparticles protected 
by oleylamine, which were prepared by the replacement reaction between oleylamine-
protected Ag nanoparticles and HAuCl4. The uniform contrast within each particle in the 
TEM image and the perfect atomic ordering in the HRTEM image are indications of 
single-crystallinity of the TO-shaped particles. The size of the alloy nanoparticles was 
7.1±0.5nm.  The separation between two proximal particles in the 2-D superlattice was 
about 3.2nm, larger than that between dodecylamine-protected alloy nanoparticles 
(2.2nm). It is known that superlattices are formed through the interdigitation of capping 
agent molecules immobilized on the nanoparticle surface (Wang et al., 1998). The larger 
separation between proximal particles in the superlattice formed by oleylamine-protected 
alloy nanoparticles is expected from the longer molecular chain of oleylamine. The 
ability to control the separation between proximal particles in superlattices is important 
for tuning the properties of superlattices. For example, by changing the length of the 
molecular chains, quantum transitions and insulator-to-conductor transitions could be 
introduced (Wang, 1998).  





Figure 6.9 A: TEM image of oleylamine-protected Ag-Au alloy nanoparticles; B: 
HRTEM image of an oleylamine-protected Ag-Au alloy nanoparticle; C: TEM image of 
dodecanethiol-protected Ag-Au alloy nanoparticles; D: HRTEM image of a 
dodecanethiol-protected Ag-Au alloy nanoparticle. 
 
Besides the length of the capping agent molecules, the functional groups attached to the 
particles surface could also be altered. Fig. 6.9C and 9D show the TEM image and 
HRTEM images of dodecanethiol-protected alloy nanoparticles. The particles were 
single-crystals with diameter of 6.2±0.5nm. The separation between two proximal 
nanoparticles was about 2.2nm, similar to that of dodecylaime-capped alloy nanoparticles. 
The similar particle separation is expected from the same chain length of dodecanethiol 
and dodecylamine. The functional groups on the particle surface could alter the optical 
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properties of the particles since they effectively change the dielectric environment of the 
particles (Hutter and Fendler, 2004). 
 
The replacement reaction can only be used to produce alloy nanoparticles smaller than 
11nm. When the size of the starting Ag nanoparticles is too large, hollow or core-shell 
nanoparticles may be formed instead (Sun et al., 2002; Sun and Xia, 2002; Yang et al., 
2005). The size of the Ag nanoparticles aside, environmental factors also exert 
considerable influence on the structure of the final product from the replacement reaction. 
For example, we found experimentally that while alloy nanoparticles were the product of 
the replacement reaction between 12nm Ag nanoparticles and HAuCl4 (mole ratio Ag: 
HAuCl4 = 1:0.25) at elevated temperatures (120oC), hollow and core-shell nanoparticles 
were formed when the replacement reaction was carried out at ambient temperature. This 
is because the replacement reaction involves invariably several processes such as the 
oxidative dissolution of Ag templates, reduction of AuCl4- and deposition of Au atoms, 
counter-diffusion and rearrangement of atoms and vacancies (Yin et al., 2006). The rates 
of these processes are expectedly to be site-dependent, time-varying, and strongly 
influenced by the synthesis conditions and the structure of the starting Ag nanoparticle 
templates, thus leading to different end products. In order for the environmental factors to 
be used to advantage to produce different end products, their effects must be fully 
explored and understood through further studies. 
 





Figure 6.10 Superlattice composed of single-crystalline TO Ag-Au alloy nanoparticles 
with [100]SL projection of fcc structure A: Low-magnification TEM images of a typical 
superlattice; B: High-magnification TEM image of the superlattice; C: Corresponding 
FFT pattern of the superlattice; D: Corresponding electron diffraction pattern of the 
superlattice; E: Schematic representation of the packing pattern of the nanoparticles 
comprising the superlattice. 
 
6.3.3 Self-assembly of Ag-Au alloy nanoparticles to 3-D superlattices  
Due to the narrow size distribution, the Ag-Au alloy nanoparticles easily formed 
superlattices on a solid substrate during solvent evaporation. We observed that the 
packing patterns of single-crystalline TO alloy nanoparticles in the superlattice were 
different from those of icosahedral alloy MTPs. Three types of packing patterns, 
corresponding to the [100]SL, [111]SL and [110]SL projections of face-centered cubic (fcc) 
structure, were observed in the superlattices formed by single-crystalline TO alloy 
nanoparticles while only hexagonal structures were observed in the superlattices formed 
by the alloy MTPs (the subscripts “SL” designates planes and directions in the 
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nanoparticle superlattices). This illustrates the importance of the morphology of the 
nanoparticles on the structure of the superlattices formed.  
 
6.3.3.1 Superlattices of single-crystalline Ag-Au alloy nanoparticles 
Fig. 6.10A shows the low-magnification TEM image of a superlattice formed on a 
carbon-coated copper grid by single-crystalline TO alloy nanoparticles. The superlattice 
spread evenly over a large area of the support, demonstrating the long-range translational 
ordering of the nanoparticles in the superlattice. The high-magnification TEM image of 
the superlattice (Fig. 6.10B) and its corresponding FFT pattern (Fig. 6.10C) reflect the 
cubic symmetry of the nanoparticles constituting the superlattice. The pattern may be 
associated with the [100]SL projection of the fcc packing structure. Fig. 6.10D is the 
electron diffraction pattern of the superlattice in Fig. 6.10A. The well-resolved diffraction 
spots show that the nanoparticles comprising the superlattice all had the same orientation. 
Orientational ordering was facilitated by the facet morphology of the TO alloy 
nanoparticles and their inherent anisotropy. The diffraction pattern also shows that the 
nanoparticles comprising the superlattice were orientated along the <100> direction.  
From the TEM image and the electron diffraction pattern of the superlattice, we could 
conclude that the nanoparticles comprising the superlattice were assembled in the pattern 
shown in Fig. 6.10E. Orientational ordering of nanoparticles in the superlattice is 
important since it determines many optical and electronic properties of the nanocrystal 
assembly (Stoeva et al., 2003). 
 





Figure 6.11 Superlattice composed of single-crystalline TO Ag-Au alloy nanoparticles 
with [111]SL projection of fcc structure A: Low-magnification TEM images of a typical 
superlattice; B: High-magnification TEM image of the superlattice; C: Corresponding 
FFT pattern of the superlattice; D: Corresponding electron diffraction pattern of the 
superlattice; E: Schematic representation of the packing pattern of the nanoparticles 
comprising the superlattice. 
 
Fig. 6.11A shows the low-magnification TEM image of a superlattice with a different 
packing pattern also formed by single-crystalline TO alloy nanoparticles. The 
nanoparticles in the superlattice also displayed a long-range order. High-magnification 
TEM image of the superlattice (Fig. 6.11B) and its corresponding FFT pattern (Fig. 
6.11C) suggest that the nanoparticles were assembled in hexagonal symmetry consistent 
with the [111]SL projection of the fcc structure. The corresponding electron diffraction 
pattern of the superlattice (Fig. 6.11D) shows that the nanoparticles comprising the 
superlattice had orientational ordering along the <111> direction. The TEM image and 
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the electron diffraction pattern are used to infer the nanoparticle arrangement in the 





Figure 6.12 Superlattice composed of single-crystalline TO Ag-Au alloy nanoparticles 
with [110]SL projection of fcc structure A: Low-magnification TEM images of a typical 
superlattice; B: High-magnification TEM image of the superlattice; C: Corresponding 
FFT pattern of the superlattice; D: Corresponding electron diffraction pattern of the 
superlattice; E: Schematic representation of the packing pattern of the nanoparticles 
comprising the superlattice. 
 
Fig. 6.12A shows the low-magnification TEM image of the third type of superlattice 
formed by single-crystalline TO alloy nanoparticles. The nanoparticles in the superlattice 
likewise displayed a long-range order. High-magnification TEM image of the superlattice 
(Fig. 6.12B) and its corresponding FFT pattern (Fig. 6.12C) correspond well with the 
[110]SL projection of the fcc structure. The corresponding electron diffraction pattern of 
the superlattice (Fig. 6.12D) shows that the nanoparticles in the superlattice had 
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orientational ordering along the <110> direction. An arrangement of nanoparticles in the 
superlattice consistent with the TEM image and electron diffraction pattern is shown in 





Figure 6.13 Superlattices formed by icosahedral Ag-Au alloy MTPs. A: TEM image of a 
typical multi-layer superlattice formed by icosahedral Ag-Au alloy MTPs; B: FFT pattern 
of the superlattice; C: TEM image of a typical two-layer superlattice formed by 
icosahedral Ag-Au alloy MTPs; D: Schematic representation of the superlattice; D: 
Diffraction pattern of the superlattice. 
 
6.3.3.2 Superlattices of icosahedral Ag-Au alloy MTPs 
Contrary to the three packing patterns found in superlattices formed by single-crystalline 
TO alloy nanoparticles, only one packing pattern prevailed in the superlattice formed by 
icosahedral alloy MTPs. Fig. 6.13A is the TEM image of a typical superlattice formed by 
icosahedral alloy MTPs. Both the TEM image and its FFT pattern (Fig. 6.13B) indicate 
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that the nanoparticles were arranged in hexagonal symmetry. Fig. 6.13C shows the TEM 
image of a two-layer superlattice which was formed by decreasing the concentration of 
nanoparticles in the solution. It shows that each nanoparticle in the second layer is 
located above the hollow formed by three closest-packed particles in the first layer. A 
schematic of the packing pattern is shown in Fig. 6.13D. The superlattice was therefore 
hexagonally close-packed. The formation of superlattices with the hcp structure is the 
direct consequence of the icosahedral morphology. The isotropic faceted morphology and 
the large number of faces (20) bounding each icosahedral particle make the particles 
behave like “hard” spheres. As demonstrated in previous publications, the most likely 
packing pattern of “hard” spheres is the hcp structure (Harfenist et al., 1997). The 
electron diffraction pattern of the superlattice (Fig. 6.13E) shows a number of continuous 
rings. Hence the nanoparticles comprising the superlattice had different orientations even 
though they exhibited excellent translation ordering. The absence of orientational 
ordering also results from the large number of faces bounding each particle and isotropy 
inherent to the icosahedral geometry. 
 
6.4 Conclusion 
A stepwise solution chemistry method has been developed to produce highly 
monodisperse Ag-Au alloy nanoparticles with independently tunable morphology, 
composition, size and surface chemistry. Ag-Au alloy nanoparticles in two distinctive 
morphologies were prepared: single-crystalline TO and multiply twinned icosahedra. 
This is also the first report on the preparation of multiply twinned alloy nanoparticles. 
The TO alloy nanoparticles could be prepared with changeable compositions but of the 
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same size or with the same composition but changeable sizes. We have also prepared Ag-
Au alloy nanoparticles with different surface chemistry through ligand-exchange 
reactions while keeping the other particle attributes intact. The as-synthesized Ag-Au 
alloy nanoparticles formed superlattices easily because of their narrow size distributions.  
The single-crystalline TO alloy nanoparticles formed superlattices in three different 
packing patterns reflecting the [100]SL, [111]SL and [110]SL projections of the fcc 
structure of the superlattices. Besides translational ordering that is required for forming 
superlattices, the nanoparticles comprising the superlattices also displayed perfect 
orientational ordering. On the other hand, the superlattice formed by icosahedral MTPs 
was hexagonally close-packed and the constituent nanoparticles showed no orientational 
ordering. The difference between the packing patterns of TO and icosahedral 
nanoparticles was then attributed the difference in their morphology. The ability to 
synthesize monodisperse Ag-Au alloy nanoparticles with independently tunable particle 
attributes paves the way to the systematic studies of the properties of individual 
nanoparticles and the properties arising from the coupling between ordered particles as 
well as the optimization of the performance of nanoparticles or their assemblies in 
practical situations. 
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CHAPTER 7  
SYNTHESIS OF Ag@AgAu METAL CORE-ALLOY 
SHELL BIMETALLIC NANOPARTICLES WITH 
TUNABLE SHELL COMPOSITIONS BY THE 
GALVANIC REPLACEMENT REACTION 
 
7. 1. Introduction 
The fabrication of metallic nanostructures with controllable shapes and sizes is important 
to delivering the promise of size and shape tunable properties of nanomaterials (Pileni, 
2003; Lisiecki et al., 2007). The properties of nanometals can be further modified by 
incorporating more than one metallic component into a common particle, for example a 
bimetallic nanoparticle (Sun et al., 2000; Scott et al., 2005; Grzelczak et al., 2007). It has 
been confirmed that co-operative and synergistic interactions between the metallic 
components may lead to an overall more useful functionality (Link et al., 1999; Cao et al., 
2001). Bimetallic nanoparticles may be fabricated as alloy nanoparticles where the two 
constituent metals are mixed at the atomic level, or as core-shell nanoparticles where the 
two components are separated by distinct phase boundaries. While alloy nanoparticles 
can be prepared by a variety of methods: co-reduction of the metal precursors (Link et al., 
1999; Mallin and Murphy, 2002; Rodriguez-Gonzalez et al., 2004; Wilson et al., 2005), 
digestive ripening (Smetana et al., 2006) or laser ablation (Lee et al., 2001); successive 
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reduction of metal precursors remains to be the most common technique for core-shell 
construction (Mulvaney, 1996; Srnova-Sloufova et al., 2000; Cao et al., 2001; Tsuji et al., 
2005).  
 
It is known that bimetallic nanoparticles with the same overall composition but different 
composition distributions can exhibit different properties (Mulvaney, 1996; Chen et al., 
2007). The geometric distribution of the metals within a particle between the two 
extremes of alloy (maximally mixed) and core-shell (minimally mixed) nanoparticles 
may therefore be used to increase the versatility in property tuning. In an effort to extend 
the envelope of possibility further, we will demonstrate the synthesis of a new type of 
core-shell nanostructure where the core is a pure metal and the shell is the alloy of two 
metals with adjustable compositions, using the Ag-Au system as an example. To the best 
of our knowledge, this is the first report on the preparation of bimetallic nanoparticles 
with a metal core and an alloy shell. The ability to control the metal distribution in 
bimetallic nanoparticles increases the variability of nanostructures that can be formed 
from two metals, and provides another facility for property tuning to meet the needs of 
scientific exploitation and technological development. 
  
The novel Ag@AgAu bimetallic nanoparticles were produced by the replacement 
reaction between Ag nanoparticles and HAuCl4. The replacement reaction between Ag 
nanoparticles and common Au precursor salts has been used by several groups to produce 
hollow nanostructures in the past (Sun et al., 2002; Sun and Xia, 2002; Liang et al., 2005; 
Selvakannan and Sastry, 2005; Hunyadi and Murphy, 2006; Yin et al., 2006). This 
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procedure involves invariably several processes such as oxidative dissolution of the Ag 
template, reduction of AuCl4- (gold precursor salt) and deposition of Au atoms, counter-
diffusion and rearrangement of atoms and vacancies (Sun and Xia, 2004; Chen et al., 
2006). The rates of these processes at different sites of the particle may be varied by 
changing the synthesis conditions and the structure of the starting Ag nanoparticle 
templates, thus leading to different end products (Sun et al., 2002; Chen et al., 2006; Lu 
et al., 2007; Zhang et al., 2007). In this study, the conditions under which the reaction 
could lead to the formation of core-shell nanoparticles with an alloy shell were identified, 
and the mechanism of formation was elucidated by closely following the evolution of the 
product particles with HRTEM and UV/vis spectroscopy.  
 
7.2. Experimental section 
7.2.1 Synthesis of Ag nanoparticles 
A two-step procedure was used to produce the Ag nanoparticle templates. In the first step, 
small Ag nanoparticles were prepared from the NaBH4 reduction of AgNO3. Briefly, 1.2 
mL 80 mM aqueous sodium citrate solution and 1.5 mL 20 mM AgNO3 solution were 
mixed with 26.7 mL H2O. 0.6 mL 100 mM ice-cold aqueous NaBH4 solution was added 
dropwise under vigorous stirring. The rapid formation of Ag nanoparticles was indicated 
by the color change of the mixture from colorless to yellow. The Ag hydrosol was then 
aged for 24 hours to completely decompose the residual NaBH4. In the second step, the 
as-synthesized small Ag nanoparticles were used as seeds to obtain larger Ag 
nanoparticles. 30 mL as-synthesized Ag seeds, 2 mL 40 mM aqueous sodium citrate 
solution and 83.5 mL H2O were mixed and refluxed in a round-bottom flask. 4.5 mL of 
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20 mM of AgNO3 solution was added drop-wise over 15 minutes. The mixture was 
refluxed for 40 minutes before it was cooled down.  
 
7.2.2 Phase transfer of Ag nanoparticles and HAuCl4 
Ag nanoparticles and HAuCl4 were hydrophobized by transferring them from water to 
toluene with octadecylamine according to a previously developed  procedure.(Yang et al., 
2004) Typically, 50 mL as-synthesized Ag hydrosol or 1 mM aqueous HAuCl4 solution 
was mixed with 50 mL ethanol containing 270mg octadecylamine. After 1 min of stirring, 
50 mL toluene was added and stirring continued for 3 more minutes. Ag nanoparticles or 
chloroaurate ions were completely transferred into toluene by the end of this procedure. 
The hydrophobized Ag nanoparticles and chloroaurate ions in toluene were then 
separated from the aqueous phase and saved for further use. 
 
7.2.3 Replacement reaction 
20mL as-synthesized Ag organsol was heated to 95oC in a three-neck round-bottom flask. 
A calculated amount of 1 mM hydrophobic HAuCl4 was added dropwise to the organosl 
to prepare Ag@AgAu metal core-alloy shell nanoparticles with different shell 
compositions. The color of the sol after one hour of reaction was either brown, red, or 
pink depending on the composition of the shell of the Ag@AgAu nanoparticles. Before 
reaching the final color, the color of the sol went though a series of changes. Blue and 
green were some of the intermediate colors found in the color transition.  The color 
remained unchanged when the sol was cooled down to room temperature. The solid 
product in the sol was removed by centrifugation and re-dispersed in toluene. The 
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bimetallic nanoparticles obtained from the replacement reaction between 20 mL Ag 
organsol and 2.80, 4.70, 5.80 and 7.00 mL HAuCl4 were labeled as AgAu-1, AgAu-2, 
AgAu-3 and AgAu-4, respectively.  
 
7.2.4 Materials characterization 
TEM and HRTEM images were taken on a JEOL JEM 2010 microscope and a JEOL 
AEM 2010 microscope respectively, both working at 200 kV accelerating voltage. A X-
ray energy-dispersive (EDS) analyzer attached to the AEM 2010 TEM operating in the 
scanning TEM (STEM) mode (3nm electron beam) was used to analyze the core and sell 
compositions of the core-shell nanoparticles. UV/vis spectra of the nanostructures were 
collected by a Shimadzu 2450 UV/vis spectrophotometer at room temperature. 
 
7.3 Results and discussion 
7.3.1 Synthesis and characterization of Ag nanoparticles  
The preparation of Ag nanoparticle templates by the two-step method allowed a good 
control of the Ag particle size. Fig. 7.1A shows the TEM image of the Ag nanoparticles 
synthesized as such. The particles were all spherical with diameters of 18.6±2.3 nm. Fig. 
7.1B is the HRTEM image of a typical Ag nanoparticle template. The well-resolved 
lattice fringes throughout the particle, and the hexagonal symmetry of the Fast Fourier 
Transformation (FFT) pattern (inset of Fig. 7.1B), indicate that this was a single crystal 
nanoparticle. 
 




Figure 7.1 A: TEM image of the Ag nanoparticle seeds; B: HRTEM image of a starting 
Ag nanoparticle, the inset shows the corresponding diffractogram. 
 
7.3.2 Synthesis and characterization of Ag@AgAu metal core-alloy shell 
nanoparticles  
Figs. 7.2A-D are the TEM images of the AgAu-1, AgAu-2, AgAu-3 and AgAu-4 
nanoparticles respectively. While the outer regions of the AgAu-1 nanoparticles were 
only slightly darker than the core areas, distinct boundaries demarcating the core and 
shell regions were clearly visible in the AgAu-2, AgAu-3 and AgAu-4 nanoparticles.  
The difference in contrast between different parts of a particle indicates that electron 
scattering was heterogeneous; suggesting that the particles were either core-shell 
structured or had hollow interiors. As will be shown later, EDX and UV/vis spectroscopic 
characterizations of the particles indicated that they were core-shell nanoparticles. The 
core-shell boundary in the nanoparticles of AgAu-1 was less distinct because the core and 
shell components were not significantly different in composition. The core-shell structure 
was also confirmed by HRTEM imaging (Fig. 7.2E). The lattice fringes in the HRTEM 
image of the particles, and the FFT pattern of the HRTEM image, are indications of 
single crystallinity of the core-shell nanoparticles. There were no pinholes in the shell, 
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Figure 7.2 A-D:TEM images of AgAu-1 to AgAu-4 nanoparticles; E: HRTEM image of 
a AgAu-3 nanoparticle, the inset is the corresponding diffractogram; F: normalized 
absorbance spectra of Ag nanoparticles and AgAu-1 to AgAu-4 nanoparticles, the inset 
shows the corresponding digital photos. 
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The variations in the composition of the bimetallic particles from the center to the outer 
regions were analyzed by selected area EDX. The EDX spectrum of a whole particle 
(Fig.7.3) shows the co-existence of Au and Ag. However, while Au and Ag were 
simultaneously detected in the shell suggesting that the shell was a Ag-Au alloy (Table 
7.1), the Au fraction in the shell was significantly higher than that in the core area (Table 
7.1). The difference in compositions between the core and shell regions of the particles is 
indication that the particles were core-shell structured and not hollow nanoparticles. For 
nanoparticles with a hollow interior the composition would have to be uniform 
throughout. There was also a systematic increase in the Au fraction in the shell of the 
nanoparticles from AgAu-1 to AgAu-4 indicating tunability of the alloy shell 
composition through changes of the Ag to HAuCl4 ratio in the starting reaction mixture. 
 






























Figure 7.3 EDX spectrum of the bimetallic nanoparticle 
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Table 7.1 Size and composition of Ag@AgAu bimetallic nanoparticles 















AgAu-1 2.80 22.9 10.1 16.8  
AgAu-2 4.70 51.9 19.2 15.4 4.3 
AgAu-3 5.80 79.4 40.3 14.4 4.3 
AgAu-4 7.00 100 71.2 14.2 4.4 
 
Fig. 7.2F shows the UV/vis spectra of Ag nanoparticles and the core-shell nanoparticles. 
Only one peak was found for each of the samples and the absorption maxima varied from 
409 nm to 529 nm with the increase in the Au content of the shell. The absorption was 
caused by the surface plasmon resonance (SPR) of the nanoparticles. Since it has been 
demonstrated experimentally and by theoretical calculations that the SPR of hollow Au 
nanoparticles would red shift significantly relative to the SPR of solid Au nanoparticles 
of the same size (Sun et al., 2002; Hao et al., 2004; Yin et al., 2006), the observation of 
absorption maximas lower than that of solid Au nanoparticles (~530nm) indicates that the 
particles were not hollow Au nanoparticles. The SPR from the Ag core was totally 
damped by the relatively thick shell and not visible in the spectra (Mulvaney, 1996). The 
SPR peaks for the four core-shell samples were all located between the SPR of Ag and 
Au nanoparticles indicating the presence of a Ag-Au alloy shell (Mulvaney, 1996). The 
changes in the SPR absorption of core-shell nanoparticles from 409 nm to 529 nm by 
increasing the Au content in the alloy shell could also be visually detected as a 
progressive color change of the colloidal solution from yellow to red (inset of Fig. 2F).  
 
TEM images of the bimetallic nanoparticles show reductions not only in the size of the 
core but also in the overall size of the particles (relative to the Ag nanoparticle seeds). 
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Indeed there was a systematic decrease in the diameter of the core-shell nanoparticles 
with the increase in the Au content of the alloy shell. The particle size decrease is yet 
another proof that the bimetallic nanoparticles were core-shell and not hollow because 
hollow nanoparticles are usually larger than the starting Ag seed particles (Sun et al., 
2002; Yin et al., 2006). The size decrease was caused by the stoichiometry of the 
replacement reaction, where three Ag atoms would dissolve for every Au atom deposited. 
Despite the contraction in the overall size of the particles, the thickness of the shell was 
virtually unchanged with the increase in the Au content of the shell (Table 7.1).  
 
7.3.3 Formation mechanism of the Ag@AgAu core-shell nanoparticles 
The conversion of Ag nanoparticles into Ag@AgAu bimetallic nanoparticles involved 
several sequential processes:  oxidative dissolution of Ag atoms, reduction of AuCl4- and 
deposition of Au atoms, counterdiffusion of atoms and vacancies, and rearrangement of 
atoms due to Ostwald ripening (Sun and Xia, 2004; Chen et al., 2006; Lu et al., 2007). 
Although a detailed elucidation of the process may require further work, a 
phenomenological model may nevertheless be proposed based on the evolution of 
bimetallic nanoparticles as characterized by HRTEM and UV/vis spectroscopy. The rates 
of these processes on different sites of the particles were different and time varying. The 
sites of action and the principal steps in the overall transformation process are outlined in 
Scheme 7.1 to provide a plausible rationalization of the experimental observations (vida 
infra). In the first step, Ag atoms were oxidized to ions preferentially on the {111} facets, 
AuCl4- ions were reduced to Au atoms and deposited on the {100} facets and alloyed 
with the underlying Ag atoms. In the second step, Au atoms were deposited on the {111} 
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facets and formed alloy layers there. The alloy layers impeded the dissolution of Ag 
atoms below the layers, leading to the formation of a branched core-shell nanoparticle. In 
the final step, the branched bimetallic nanoparticle was transformed into a core-shell 




Scheme 7.1 Schematic illustration showing the shape and composition evolution of 
Ag@AgAu metal core-alloy shell bimetallic nanoparticles. The green and cyan planes 
represent the {111} and {100} facets of Ag; the yellow and blue planes represent the 
{111} and {100} facets of Ag-Au alloy or pure Au. 
 
7.3.3.1 Microscopic study 
Fig. 7.1B shows that the starting Ag nanoparticles were single-crystals. An apparently 
spherical single-crystal Ag nanoparticle smaller than 20 nm is in fact a polyhedron 
(Wang, 2000). A TO consisting of eight {111} facets and six {100} facets is a typical 
morphology of single crystal Ag nanoparticles (Scheme 7.1A) (Wang 2000). When the 
single crystal silver nanoparticles were subjected to the replacement reaction, Ag atoms 
were oxidized and dissolved from the nanoparticle surface and AuCl4- anions were 
reduced to Au atoms and deposited on the Ag nanoparticle surface.  The dissolution of 
Ag and the deposition of Au did not occur uniformly on the particle surface. Net growth 
or etching of the facet would occur during reaction depending on the competition 
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between Au atom deposition and Ag atom dissolution on that facet. Under our 
experimental conditions, Au deposition occurred initially and preferentially on the high 
energy {100} facets. Deposition of Au on the {100} facets impeded the dissolution of Ag 
from these facets shifting the Ag dissolution to the {111} facets. The Au atoms deposited 
on the {100} facets quickly alloyed with the underlying Ag atoms. The alloying of Ag 
and Au within a nanoparticles due to lattice rearrangement has been investigated in early 
publications (Rodriguez-Gonzalez et al., 2004). This rapid alloying of the two metals was 
facilitated by a combination of reduced particle dimension, interfacial defects, and 
elevated temperatures of preparation. It has been confirmed both experimentally and 
theoretically that the rate of alloying between two metals is higher in smaller particles 
(Yasuda et al., 1993; Dick et al., 2002; Shibata et al., 2002). The diffusion coefficients of 
Au or Ag atoms are sensitive functions of temperature, and several orders of magnitude 
increase is possible when temperature is increased from 20 oC to 95oC (Sun and Xia, 
2004). In addition, interfacial imperfections could also increase the diffusion coefficients 
by several orders of magnitude (Das et al., 1999). Indeed a single vacancy at the interface 
is sufficient to catalyze a fast diffusion process (Shibata et al., 2002). The abundance of 
vacancies at the surface, but not in the interior, would lead to the decrease in diffusion 
rate as atoms penetrated deeper into each other (Shibata et al., 2002). This can be the 
reason for the constant thickness of the shell amidst changing overall bimetallic 
composition. Experiments also showed that homogeneous alloy nanoparticles would form 
if the starting Ag nanoparticles were smaller than twice the atomic characteristic 
diffusion length. The dissolution of Ag atoms from the {111} facets caused these facets 
to be contracted while the preferential deposition and alloying of Au atoms on the {100} 




Figure 7.4 A-C: HRTEM images of bimetallic nanoparticle formed 150 seconds after the 
addition of HAuCl4 as viewed from the <111>, <100>, and <110> directions; D-F: 
corresponding schematic illustrations of  the bimetallic nanoparticles. 
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facets led to the protrusion of the latter (Scheme 7.1B). Fig. 7.4 shows several HRTEM 
images of the bimetallic nanoparticles at this stage of evolution as viewed from the 
<111>, <100> and <110> directions, which are consistent with the schematic illustrations 
below these images. The HRTEM images also show that the protruding alloy tips in the 
bimetallic nanoparticles were also single crystals. 
 
The deposition rate of Au atoms on the {111} facets of silver nanoparticles caught up in 
the second step of the replacement reaction and became the predominant process. Fast 
alloying of the deposited Au atoms with the underlying Ag atoms quickly formed an 
alloy layer on the {111} facets. The deposition of Au atoms on {111} in this instance 
could be attributed to two reasons. First, the Ag ions released from the replacement 
reaction could have lowered the growth rate in the [100] direction and/or increased the 
rate of growth in the [111] direction. Although the exact reason is not yet known, several 
groups have previously witnessed such directional sensitivity (Kim et al., 2004). Second, 
the reduction in the available area of the {100} facets due to observed tapered growth 
could also lead to the relative increase in the deposition rate of Au atoms on the {111} 
facets. Alloying was confined to the surface region since it would be difficult for the 
deeply seated Ag atoms to diffuse to the surface in the face of an incoming flux of 
depositing Au atoms.  As a result the alloy layers on the {111} facets were not as thick as 
those on the {100} facets, leading to the whole particle acquiring the appearance of a 
non-spherical core-shell nanoparticle (Scheme 7.1C). Fig. 7.5 shows the HRTEM images 
of a nanoparticle in this stage of growth as viewed from the <111>, <100> and <110> 
directions, together with the corresponding schematic illustrations.  





Figure 7.5 A-C: HRTEM images of the bimetallic nanoparticles formed 360 seconds 
after the addition of HAuCl4 as viewed from the  <111>, <100>, and <110> directions; 
D-F: corresponding schematic illustrations of  the bimetallic nanoparticles. 
                                                                                                                                                  Chapter 7  
 136
 
With the continuing progress of the replacement reaction, the concentration of AuCl4- in 
the solution and the fraction of leachable Ag in the particle both decreased, leading to the 
reduction in the rates of Au deposition and Ag dissolution. The rearrangement of surface 
atoms via Ostwald ripening then became the predominant process. Since TO is a more 
thermodynamically stable shape for small single crystal nanoparticles of fcc metals, the 
atoms in the protruding branches dissolved from the {100} facets and re-deposited on the 
{111} facets to decrease the surface area of the whole particle, resulting in the formation 
of a core-shell TO nanoparticle (scheme 7.1D). The HRTEM images of the core-shell TO 
nanoparticles (Fig. 7.2E) show that they were perfect single crystals. If HAuCl4 was used 
in stoichiometric excess as in the case of AgAu-4, the AuCl4- in the solution would 
continue to react with the Ag atoms in the alloy shell until the shell was completely 
devoid of Ag to become a pure Au shell. Different from the case of hollow Au 
nanoparticles, dealloying of the alloy shell under our experimental conditions did not lead 
to the collapse of the shell or the formation of pores in the shell (Sun and Xia, 2003; Sun 
and Xia, 2004). This could be due to the rapid diffusion of the generated vacancies to the 
surface rather than to the particle interior.  
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Figure 7.6 Evolution of the absorption spectra of bimetallic nanoparticles. 
 
7.3.3.2 Spectroscopic study 
Since Au and Ag nanostructures have distinctively different absorptions in the UV/vis 
region, UV/vis spectroscopy was used to follow the evolution of the bimetallic 
nanoparticles. The UV/vis spectra underwent significant changes during the conversion 
of Ag nanoparticle seeds to the bimetallic core-shell nanoparticles, which were also 
detected visually by solution color changes from yellow to red, green, blue and brown. 
The changes were caused by the combined effects of changes in particle shape, size, 
composition and composition distribution. Although the intermediates formed during the 
replacement reaction were not easily quantifiable, a qualitative understanding of the 
morphology and composition evolution is still possible by following the spectral changes 
closely. The starting octadecylamine-protected Ag nanoparticles exhibited the SPR 
characteristic of the Ag nanoparticles at 409 nm (spectrum 0s in Fig. 7.6A, peak 1). A 
minute after the addition of HAuCl4, the absorption peak red-shifted slightly and the 
intensity decreased. At the same time a peak appeared at 565 nm (spectrum 60s in Fig. 
7.6A, peak 2) and began to red-shift with reaction time (spectrum 150s & 240s in Fig. 
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7.6A). The position of the latter peak was a significant red-shift from the SPR of non-
alloyed Ag@Au core-shell nanoparticles (~530nm (Mulvaney, 1996)), indicating that Au 
atom deposition and Ag atom dissolution were not uniform across the particle surface. 
This is because uniform Au atom deposition and Ag atom dissolution across the surface 
would lead to core-shell nanoparticles with either a Au shell or an Ag-Au alloy shell; 
both of them absorb only at wavelengths shorter than 530nm. The observation is 
consistent with the preferential deposition of Au on {100} facets and preferential 
dissolution of Ag from the {111} facets detected by HRTEM. The appearance of two 
peaks and their locations are in agreement with the theoretical calculations by plasmon 
hybridization theory, which stated that the surface plasmon of an intermediate bimetallic 
nanoparticle at this stage can be regarded as the hybrid of a Ag nanosphere (peak 1) and a 
hexapod-like branched particle (peak 2) (Prodan et al., 2003; Hao et al., 2004). The 
position of peak 2 stayed relatively fixed 4 to 6 minutes after the HAuCl4 addition, while 
peak 1 continued to red-shift (spectrum 360s in Fig. 7.6A). This indicated that Au atoms 
had started to deposit on the {111} facets and alloyed with the underlying Ag atoms there. 
The time for this to occur also agreed well with the second step of the replacement 
reaction. Peak 2 began to blue shift 9 minutes after the addition of HAuCl4 (spectrum 
540s in Fig. 7.6B). This could be understood as the shortening of the branches as a result 
of atomic rearrangement by Ostwald’s ripening. Meanwhile, the red shifting of peak 1 
went unabated because of the increase in the Au fraction on {111} facets. The red-
shifting of peak 1 and the blue-shifting of peak 2 finally coalesced into a common peak 
(spectrum 1200s and 6000s in Fig. 7.6B), signaling the complete formation of Ag@AgAu 
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bimetallic nanoparticles. The changes in the absorption spectra are consistent with the 
HRTEM examination, corroborating the proposed mechanism.  
 
There are some apparent differences between the results presented here and the results of 
other studies where hollow structures were formed (Sun et al., 2002; Yin et al., 2006). 
The difference points to the fact that the replacement reaction between Ag nanoparticles 
and HAuCl4 encompasses a number of processes that are site dependent and time-varying 
(Sun and Xia, 2004; Yin et al., 2006). Environmental factors such as the morphology and 
crystal structure of the Ag nanoparticle seeds, temperature, solvent and capping agent 
could significantly affect the preferred sites of action and the rate of these processes, thus 
leading to different end products. It has been reported that Ag nanoparticles with different 
structures would undergo different transformations in the replacement reaction with 
HAuCl4 (Sun and Xia, 2004; Yin et al., 2006; Lu et al., 2007). The bimetallic core-shell 
nanostructures in this study were formed under conditions quite different from those 
favoring hollow nanoparticles as the end product. In particular, the TO Ag seeds were 
synthesized by a different method (Yin et al., 2006; Lu et al., 2007),  together with the 
use of elevated temperatures (95 oC ) and aprotic solvent (toluene) in preparation, could 
have created a conducive environment promoting the growth of Ag@AgAu metal core-
alloy shell nanoparticles. In order for the environmental factors to be used to advantage to 
produce different end products, their effects must be fully explored and understood 
through further studies.  
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Compared with traditional alloy and core-shell nanoparticles, the geometric distribution 
of the two constituent metals in the particles can be tuned in a more versatile manner by 
the current method of preparation. This provides another facility for property tuning to 
meet potential application needs. The method of preparation has the following advantages 
inherent in the replacement reaction approach: 1) the second metal (Au) will not be 
formed as a separate phase in the solution because the templates of the first metal (Ag) 
serve as the sole reducing agent and; 2) the core is significantly contracted thus making 
the overall particle smaller and potentially more useful for some applications. 
 
7.4 Conclusion  
Ag@AgAu metal core-alloy shell bimetallic nanoparticles with tunable shell composition 
were synthesized by the replacement reaction between Ag nanoparticles and HAuCl4, 
using small TO Ag nanoparticles as the sacrificial templates, elevated temperature (95oC) 
of preparation, and an aprotic solvent (toluene). The presence of the Ag core and Ag-Au 
alloy shell was confirmed by SAEDX, TEM, HRTEM and UV/vis spectroscopy. The 
composition of the shell was dependent on the Ag to HAuCl4 ratio in the reaction mixture. 
Time course studies by  HRTEM and UV/vis spectroscopy revealed the following 
sequence of events in the evolution of core-shell structures from Ag nanoparticle seeds: 1) 
oxidative dissolution of Ag atoms from the {111} facets of Ag nanoparticles and initial 
preferential deposition of Au atoms from AuCl4- reduction on the Ag {100} facets; 
followed by alloying with the Ag atoms below; 2) Subsequent Au atom deposition on the 
Ag {111} facets followed by Ag-Au alloying there; 3) rearrangement of the surface 
atoms to form the final core-shell nanoparticles. The experimental findings indicated that 
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the rates of AuCl4- reduction and Ag dissolution were site dependent and different 
nanostructures could be formed in the replacement reaction depending on the reaction 
environment. 
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CHAPTER 8  
SIZE SORTING OF ELECTROSTATICALLY 
STABILIZED SILVER NANOPARTICLES  
 
8.1 Introduction  
The majority of current colloidal preparations of metallic nanoparticles often result in 
products with a broad size distribution. The polydispersity is due to an incomplete 
understanding of the nucleation and growth of the nanoparticles, thereby affecting the 
design and effective implementation of size control strategies. The broad size distribution 
introduces uncertainty in the size-dependent properties which subsequently undermines 
the usability and reliability of nanoparticles in actual applications. As an alternative to 
developing other synthesis routes, a size-sorting process after a routine synthesis may 
also be used to narrow the particle size distribution (Murray et al., 2000). 
 
There are several known methods which are sort nanoparticles by size. The most 
common one uses a combination of liquid solvent/non-solvent pairs and centrifugation to 
selectively precipitate large nanoparticles from the solution (Murray et al., 1993). This 
method takes advantage of the size dependent stability of nanoparticles in a mixture of 
solvent and non-solvent. This method has been used by several groups to reduce the 
polydispersity of nanoparticles with different compositions and in different size ranges 
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(Whetten et al., 1996; Taleb et al., 1997). Mcleod et al. improved upon this method by 
using gaseous CO2 as the non-solvent thereby avoiding the use of a large quantity of 
organic solvent (McLeod et al., 2005). While these two methods are effective for sorting 
sterically stabilized nanoparticles in organic solvents, they are not as effective for sorting 
electrostatically stabilized nanoparticles. Centrifugation on its own could only remove the 
very large particles and hence centrifugal separation is usually not efficient enough to 
significantly narrow the particle size distribution (Germain et al., 2005). Size selective 
chromatography has been proposed as a size-sorting technique but the process yield is 
unsatisfactorily low (Fischer et al., 1989; Wilson et al., 1993). Hence there is still an 
ongoing need to develop new methodologies for the size-sorting of electrostatically 
stabilized nanoparticles. 
 
Hereby we present a simple method based on double-layer compression to sort 
electrostatically stabilized nanoparticles by size, using polydisperse Ag nanoparticle 
samples as an example. The method is based on the recursive aggregation and 
precipitation of the polydisperse particles in solutions of different ionic strengths,  
 
8.2 Experimental section 
8.2.1 Materials and instrumentations  
Silver nitrate (AgNO3), tri-sodium citrate dehydrate, 2-mercapto-5-benzimidazole 
sulfuric acid (MBSA) from Aldrich; and sodium borohydride (NaBH4, 98%) from Fluka 
were used as received. De-ionized water filtered by a Millipore water purification system 
was the universal solvent. All glassware and Teflon-coated magnetic stir bars were 
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cleaned in aqua regia, followed by copious washing with distilled water before drying in 
an oven. A JEOL JEM2010 microscope was used to obtain TEM images of the 
nanoparticles. For TEM measurements a drop of the nanoparticle solution was dispensed 
onto a carbon-coated copper grid. Excess solution was removed with an adsorbent paper. 
The average particle size and particle size distribution were obtained from randomly 
chosen areas in the TEM image containing approximately 300 nanoparticles each. 
 
8.2.2 Preparation of polydisperse MBSA-protected Ag nanoparticles 
Citrate-stabilized Ag nanoparticles were first prepared from the NaBH4 reduction of 
AgNO3 in the presence of citrate. Specifically 0.6 mL 80 mM sodium citrate aqueous 
solution and 1.5 mL 20mM AgNO3 solution were mixed with 27.3 mL H2O. 0.6 mL 100 
mM ice-cold aqueous NaBH4 solution was added dropwise under vigorous stirring. Ag 
nanoparticles were formed quickly as shown by the instantaneous change of the color of 
the mixture from colorless to yellow. The citrate-stabilized Ag nanoparticles were then 
converted into MBSA-capped nanoparticles via a ligand-exchange reaction. To do so 1 
mL 80 mM MBSA aqueous solution was added to the Ag nanoparticle solution and the 
mixture was vigorously shaken for 2 minutes. 2 mL 1 mM NaNO3 solution was then 
added to the Ag sol and the mixture was aged for 4 hours. The solution became colorless, 
indicating that all of the particles had aggregated and precipitated. The precipitated Ag 
nanoparticles was collected by centrifugation at 2000 rpm for 3 minute and redispersed in 
30 mL H2O. This process could remove un-reacted reactants and reaction by products in 
the solution. 
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8.2.3 Size sorting of Ag nanoparticles  
0.8 mL 1.5 M NaNO3 solution was added to 30 mL Ag hydrosol to make the NaNO3 
concentration in the hydrosol be 39mM and the mixture was aged for 8 hours. The 
hydrosol turned turbid, indicating that aggregation of Ag nanoparticles had taken place. 
The aggregated Ag nanoparticles were collected by centrifugation at 2000 rpm for 3 
minute and redispersed in water. The recovered Ag nanoparticles were labeled as Ag-1. 
0.3 mL of 1.5 M NaNO3 solution was then added to the supernatant to make the NaNO3 
concentration in the hydrosol be 53mM and the mixture was aged for another 8 hours. 
The aggregated Ag nanoparticles were collected and labeled as Ag-2. The NaNO3 
treatment was repeated again to make the NaNO3 concentration in the hydrosol be 67mM 
and the Ag nanoparticles recovered from the precipitate and remaining in the supernatant 
were labeled as Ag-3 and Ag-4 respectively.  
 
Ag nanoparticles with narrower size distribution were obtained by using a smaller NaNO3 
concentration increment between a prior aggregation and the next one and by recursive 
use the size sorting procedure. Briefly, NaNO3 was added to 1mM Ag hydrosol to make 
the concentration of NaNO3 in the hydrosol be 42mM and the mixture was aged for 8 
hours. The aggregated nanoparticles were removed by centrifugation and the supernatant 
was collected. More NaNO3 was added to the supernatant to make the concentration of 
NaNO3 in the hydrosol be 48mM and the mixture was aged for another 8 hours. The 
aggregated nanoparticles were collected by centrifugation and redispersed into water. 
This new Ag hydrosol then underwent another run of size sorting procedure. In each run, 
Ag nanoparticles aggregated at 42mM NaNO3 were removed and Ag nanoparticles 
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aggregated at 48mM were collected. The process was repeated for three times. The Ag 





Figure 8.1 A: UV-visible absorption spectra of citrate-stabilized and MBSA-capped Ag 






Figure 8.2 TEM image and histogram of MBSA-protected Ag nanoparticles before size-
sorting. 
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8.3 Results and discussion 
8.3.1 Preparation of MBSA-protected Ag nanoparticles 
The NaBH4 reduction of Ag+ in the presence of citrate ions is one of the common 
synthesis routes to Ag nanoparticle synthesis. The Ag nanoparticles prepared as such are 
protected by a relatively loose shell of ligands (citrates) which are easily displaceable by 
stronger ligands, such as the mercapto groups of MBSA. The addition of MBSA to the 
Ag hydrosol brought about a visible color change from yellow to brownish yellow. At the 
same time UV/vis spectroscopy detected an absorbance peak red shift from to 400 nm to 
419 nm (Fig. 8.1A). This is an indication of the displacement of citrate ions from the Ag 
surface by MBSA. The ensuing change in the dielectric environment of the particles 
altered the characteristic frequency at which Ag surface plasmon resonance (SPR) occurs, 
and hence the observed color change and the peak shift. From the TEM image of the as-
prepared MBSA-capped Ag nanoparticles and the histogram of particle size in Fig. 8.2, 
an average diameter of 12.6 nm could be determined amidst a relatively large standard 
deviation of 4.3 nm, indicating a broad size distribution. 
 
8.3.2 Size sorting of Ag nanoparticles  
By aging the MBSA-protected Ag nanoparticles in a series of aqueous solutions with 
different NaNO3 concentration (39mM, 53mM and 67mM), the starting Ag nanoparticles 
were sorted to four fractions. Fig. 8.3 shows the TEM images and  the histograms of size 
distribution of the Ag nanoparticles in these four fractions. The respective average 
diameters and standard deviation of Ag1-4 are summarized in Table 8.1. The progressive 
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decrease in the particle size from Ag1-4 accompanied by decreasing standard deviations 
is an indication of a successful effort in size-sorting. 
 
Table 8.2  Average diameter and standard deviation of Ag nanoparticles before and after 
size sorting. 
 
A smaller concentration change between a prior precipitation and the next one may be 
used to provide greater precision in the size control. Fig. 8.4 shows TEM images of Ag 
nanoparticles recursively precipitated between 42 mM and 48 mM for three times. The 
average diameter and standard deviation of Ag nanoparticles  were 12.1 nm and 0.9 nm 
respectively, indicating substantial narrowing of the particle size distribution of the as-
obtained Ag nanoparticles. The narrow size distribution allowed the nanoparticles to be 
easily assembled into superlattices after they had been transferred to toluene using 
dodecylamine as phase transfer agent.  Fig. 8.5 shows the superlattice formed by the Ag 
nanoparticles on a carbon-coated copper grid after solvent evaporation. The nanoparticles 
comprising the superlattice displayed excellent translational ordering which is realizable 















Pristine Ag NPs  12.6 4.3 34.1 
Ag-1 39 16.4 3.6 21.7 
Ag-2 53 12.2 2.3 18.8 
Ag-3 67 8.9 1.8 20.2 
Ag-4 67 5.9 1.3 22.0 







Figure 8.3 TEM image and histogram of Ag nanoparticles after the size sorting. A-D: 
Ag1-4. 
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Figure 8.5 TEM image of the superlattice formed by monodisperse Ag nanoparticles 
obtained from recursive size-sorting. 
 
8.3.3 Mechanism of nanoparticle size sorting 
The current method takes advantage of the size-dependent stability of electrostatically 
stabilized nanoparticles in a solution with a given ionic strength. It is known that 
agglomeration is caused by the attractive Van der Waals interaction between proximal 
particles. The stability of MBSA-capped nanoparticles is due to the ability of the capping 
agent to generate a sufficiently large zeta-potential at the plane of zero shear that repels 
the particle approach. According to the DLVO theory, the total potential energy, which is 
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the sum of attractive and repulsive interactions between particles, is strongly dependently 
on the ionic strength of the solution (Martines et al., 2008). An increase in the ionic 
strength compresses the electrical double layer and lowers the barrier to particle 
agglomeration. Large nanoparticles in the size distribution possess both greater Van der 
Waals force and higher repulsive force, but the increase of attractive force with size is 
more significant than that of repulsive force. Therefore, large nanoparticles tend to 
aggregate before the smaller ones. Hence if the ionic concentration in the solution may be 
controlled at a threshold value where the nanoparticles in the solution could only partially 
aggregate, centrifuging the dispersion would isolate a precipitate enriched with the larger 
particles and leave the smaller particles in the supernatant. By gradually changing the 
ionic strength of the solution, the nanoparticles could be sorted progressively into 
different fractions with smaller variations of particle size in each fraction.  
 
The citrate-stabilized Ag nanoparticles could not be used directly for size-sorting because 
the aggregated citrate-stabilized Ag nanoparticles were not redispersible in water. This is 
because citrate protection requires high citrate concentrations to compensate for the 
feeble attraction between the citrate ions and the gold surface.  Redispersion of citrate-
stabilized particles in water simply desorbs the citrate leaving the particles unprotected 
against agglomeration. Hence the citrate ions initially present on the Ag nanoparticles 
surface must be displaced by stronger ligands that could withstand recursive aggregation 
and precipitation in the size-sorting process. However, MBSA is not the only protective 
agent that can be used for size sorting. Other ligands such as aniline-disulfonic acid and 
aminobenzenesulfonic acid were also found suitable. The only requirement appears to be 
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at least a part of the protective agent must bind strongly to the particle surface so that the 
capping agent is not dislodged by recursive aggregation and redispersion. The function of 
NaNO3 in the process is to control the ionic strength of the solution, other salts like NaCl, 
Na2SO4 and KCl may also be used.  
 
This size-sorting method operates on simple and generic principles and hence should be 
applicable to the size-sorting of all electrostatically stabilized nanoparticles. The general 
utility of this method was demonstrated by the successful sorting of Pd and Au 
nanoparticles, in addition to the Ag nanoparticles shown here. Since this method makes 
use of double-layer compression to destabilize the nanoparticles, it will not be effective 
for the sorting of sterically-stabilized nanoparticles, such as PVP-protected nanoparticles. 
 
8.4 Conclusion 
A simple methodology based on double-layer compression was used to sort 
electrostatically stabilized nanoparticles by size. By controlling the NaNO3 concentration 
in the MBSA–capped Ag nanoparticle solution at appropriate levels, large nanoparticles 
would aggregate and precipitate while leaving the smaller particles in the supernatant. By 
progressively changing the NaNO3 concentration, the Ag nanoparticles were sorted into 
different fractions with smaller particle size and smaller size variations. The recursive use 
of this procedure would allow an initially polydisperse sample of Ag nanoparticles to be 
transformed into a product with narrow side distribution, with the degree of refinement 
tunable by the number of iterations and the prevailing conditions in each sorting run. 
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CHAPTER 9  
CONCLUSIONS AND RECOMMENDATIONS 
 
9.1 Conclusions 
The primary objective of this thesis study is to develop methods of preparation of noble 
metal nanoparticles to generate monodisperse nanoparticles with controllable 
morphology, size, surface chemistry, composition and composition distribution within 
each particle. Several types of zero-dimensional Ag, Au and Pd monometallic 
nanoparticles and Ag-Au bimetallic nanoparticles as well as their 3-D superlattices were 
synthesized. The monometallic nanoparticles synthesized in this study include Au 
nanoparticles with three distinct types of crystallinities and highly monodisperse 
icosahedral Ag, Au and Pd MTPs. The bimetallic nanoparticles synthesized in this study 
include homogeneous Ag-Au alloy nanoparticles and heterogeneous Ag@AgAu metal 
core-alloy shell nanoparticles. In addition, a methodology based on double-layer 
compression was developed to sort electrostatically stabilized nanoparticles by size. The 
major findings of this study include the following: 
  
1. The crystallinity of Au nanoparticles could be tuned by controlling the kinetics of a 
modified polyol synthesis. Exclusively single-crystalline nanoparticles, decahedral 
MTPs and icosahedral MTPs with narrow size distribution were obtained by simply 
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adjusting the HAuCl4 concentration, while keeping other environmental factors 
fixed. Besides the concentration of HAuCl4, temperature and concentrations of the 
reducing agent and the protective agent also influenced the product crystallinity 
greatly. The crystallinity of the Au nanoparticles was determined by the competition 
between the kinetics of structural transformation and the kinetics of shell-by-shell 
growth. An atomistic level understanding of this kinetic competition has to await 
further experimental efforts and complementary molecular dynamics studies. The 
ability to synthesize nanoparticles with uniform and tunable crystallinity is a great 
step forward in the systematic identification and understanding of the effects of 
crystallinity on nanoparticle properties.  
 
2. Monodisperse Ag icosahedral MTPs with tunable sizes and their 3-D superlattices 
have been synthesized. Ag nanoparticles with exclusively icosahedral morphology 
but a broad size distribution were prepared by using the kinetic control strategy 
developed in 1). The size distribution of the Ag icosahedral nanoparticles was 
substantially narrowed by a digestive ripening procedure which preserved the 
icosahedral morphology. The size of the monodisperse icosahedral nanoparticles 
could be enlarged by seed-mediated growth while keeping the icosahedral 
morphology and the size distribution unchanged. The as-synthesized icosahedral 
nanoparticles easily self-assembled into 3-D superlattices on a solid substrate or in 
the solution because of their size and shape similarity. The successful preparation of 
monodisperse Ag icosahedral MTPs and their assembly into well-ordered 3-D 
superlattices should be useful to the study of the properties of isolated icosahedral 
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particles as well as properties arising from the close coupling between proximal 
particles. 
 
3. Monodisperse Au and Pd icosahedral MTPs were synthesized via the replacement 
reaction between ~9.6nm icosahedral Ag MTPs of and Au or Pd precursors using 
over stoichiometric AuCl4-(or Pd2+) to Ag mole ratios. While the size of the Au and 
Pd nanoparticles was smaller compared with the starting Ag nanoparticles because of 
the stoichiometry of the replacement reaction (6.8nm for Au MTPs and 7.9nm for Pd 
MTPs), the morphology of the particles was not affected by the replacement reaction. 
The as-synthesized Au and Pd icosahedral MTPs could also self-assemble into 3-D 
superlattices. 
 
4. Hydrophilic Au-Ag alloy nanoparticles were prepared by the replacement reaction 
between Ag nanoparticles smaller than 12nm and HAuCl4 at 100oC.  UV-visible 
spectroscopy, SAEDX, TEM and HRTEM all confirmed the formation of 
homogeneous alloy nanoparticles. The alloy nanoparticles were formed by the rapid 
interdiffusion of Au and Ag atoms as a result of the reduced dimension of the silver 
nanoparticles, elevated temperature and the large number of interfacial vacancy 
defects generated by the replacement reaction. This method could also be used to 
prepare alloy nanoparticles which cannot be obtained by the common co-reduction 
method, such as Ag-Pd.  
 
5. A stepwise solution chemistry method has been developed to produce highly 
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monodisperse hydrophobic Ag-Au alloy nanoparticles with independently tunable 
morphology, composition, size and surface chemistry. The procedure includes 
several steps: chemical reduction of Ag ions, digestive ripening, seed-mediated 
growth and replacement reaction. The morphology, monodispersity, size and 
composition of the alloy nanoparticles were controlled in different discrete steps. 
This not only improves the monodispersity of the alloy nanoparticles, but also offers 
customizable morphology, composition and size. Ag-Au alloy nanoparticles in two 
distinctively different morphologies were obtained: single-crystalline TO and 
multiply twinned icosahedra. This should be the first report on the preparation of 
multiply twinned alloy nanoparticles. The TO alloy nanoparticles could be prepared 
with changeable compositions but of the same size or with the same composition but 
changeable sizes. We have also prepared Ag-Au alloy nanoparticles with different 
surface chemistry through ligand-exchange reactions while keeping the other particle 
attributes intact. The ability to synthesize monodisperse Ag-Au alloy nanoparticles 
with independently tunable particle attributes should enable the systematic mapping 
of the properties of alloy nanoparticles as the function of these attributes. 
 
6. The as-synthesized TO and icosahedral Ag-Au alloy nanoparticles could form 3-D 
superlattices by self-assembly because of their narrow size distributions.  The single-
crystalline TO alloy nanoparticles formed superlattices in three different packing 
patterns reflecting the [100]SL, [111]SL and [110]SL projections of the fcc structure of 
the superlattices. Besides translational ordering that is required for forming the 
superlattices, the nanoparticles comprising the superlattices also displayed perfect 
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orientational ordering. On the other hand, the superlattice formed by icosahedral 
MTPs was hexagonally close-packed and the constituent nanoparticles showed no 
orientational ordering. The difference between the packing patterns of TO and 
icosahedral nanoparticles was attributed to the difference in their morphology.  
 
7. Ag@AgAu metal core-alloy shell bimetallic nanoparticles with tunable shell 
composition were synthesized by the replacement reaction between Ag nanoparticles 
and HAuCl4, using ~19nm single-crystalline TO Ag nanoparticles as the sacrificial 
template, elevated temperature (95oC) of preparation, and an aprotic solvent 
environment (toluene). The presence of the Ag core and Ag-Au alloy shell was 
confirmed by SAEDX, TEM, HRTEM and UV/vis spectroscopy. The composition of 
the shell was dependent on the Ag to HAuCl4 ratio in the reaction mixture. Time 
course studies by  HRTEM and UV/vis spectroscopy revealed the following 
sequence of events in the evolution of core-shell structures from Ag nanoparticle 
seeds: 1) oxidative dissolution of Ag atoms from the {111} facets of Ag 
nanoparticles and initial preferential deposition of Au atoms from AuCl4- reduction 
on the Ag {100} facets, followed by alloying with the Ag atoms below; 2) Ensuing 
Au atom deposition on the Ag {111} facets followed by Ag-Au alloying there; 3) 
rearrangement of the surface atoms to form the final core-shell architecture.  
 
8. By simply changing the synthesis conditions and using starting Ag nanoparticles of 
different attributes (size and crystallinity in particular) in the replacement reaction 
between Ag nanoparticles and HAuCl4, several distinctively different types of 
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nanoparticles could be formed: solid pure Au nanoparticles, Ag-Au alloy 
nanoparticles, core-shell nanoparticles and hollow nanoparticles. The different end 
products reflect the multi-step nature of the nanoparticle formation process: oxidative 
dissolution of the Ag nanoparticle templates, the reduction of AuCl4- and deposition 
of the reduced Au atoms, and the inter-diffusion and rearrangement of atoms and 
vacancies. The rates of these processes on different sites of the particles may be 
varied by changing the synthesis conditions and the structure of the starting Ag 
nanoparticle templates, thus leading to different end products. Unfortunately, the 
structures of the products of the replacement reaction are influenced by too many 
experimental variables to allow the mapping between synthesis conditions and 
product attributes in this thesis study. More work is needed to reveal further details 
of this complicated process and to understand the particle formation mechanism. 
Following the path of evolution of the bimetallic nanoparticles after systematic 
changes in the synthesis conditions could be the first step in unraveling causative 
relationships. 
 
9. A simple methodology based on double-layer compression was developed to sort 
electrostatically stabilized nanoparticles by size. By controlling the NaNO3 
concentration in the MBSA–capped Ag nanoparticle solution at appropriate levels, 
large nanoparticles would aggregate and precipitate while leaving the smaller 
particles in the supernatant. By progressively changing the NaNO3 concentration, Ag 
nanoparticles were sorted into different fractions with smaller particle size and 
smaller size variations. The recursive application of this procedure would allow an 
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initially polydisperse sample of Ag nanoparticles to be transformed into a product 
with a narrow size distribution, with the degree of refinement tunable by the number 
of iterations and the prevailing conditions in each sorting run. 
 
9.2 Suggestions for future work 
1. Synthesis of other noble metal MTPs 
We have demonstrated that Ag and Au MTPs could be formed by controlling the 
kinetics of polyol synthesis in Chapters 3 and 4. This kinetic control strategy may be 
extended to the synthesis of MTPs of other noble metal, e.g. Pt or Pd. Pt and Pd 
nanoparticles are known to be good catalysts for many chemical and electrochemical 
reactions. The improved catalytic properties of Pt and Pd MTPs are expected not only 
because a MTP is bounded by {111} planes, which are the most active planes for 
many reactions (Stamenkavic et al., 2007), but also because of the abundance of 
edges and corners on their surface, which are often the sites of heightened catalytic 
activity. 
 
2. Synthesis of highly monodisperse hydrophilic Ag and Au monometallic and Ag-
Au bimetallic alloy nanoparticles  
We have synthesized highly monodisperse Ag and Au monometallic and Ag-Au 
bimetallic alloy nanoparticles in organic solvents using the stepwise procedures in 
Chapters 4 & 6. Since Ag and Au nanoparticles have been extensively promoted for 
biological applications which require the nanoparticles to be hydrophilic, it is best the  
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multi-step procedures be adapted for aqueous phase operation. Our recent preliminary 
study confirmed such possibility.  
 
3. Synthesis of monodisperse one-dimensional and two-dimensional noble metal 
nanoparticles 
We have developed synthesis methods to produce several types of monodisperse 
zero-dimensional monometallic and bimetallic nanoparticles in Chapters 4, 6 and 7. 
As it has been shown that the selective deposition of atoms onto certain 
crystallographic planes of zero-dimensional nanoparticles could lead to growth into 
one-dimensional or two-dimensional nanoparticles (Wiley et al., 2005; Zou et al., 
2007), the highly monodisperse zero-dimensional nanoparticles synthesized here 
should be useful as seeds for the synthesis of monodisperse one or two-dimensional 
noble metal nanoparticles. 
 
4. Investigation of linear and nonlinear optical properties of isolated monodisperse 
Ag-Au alloy nanoparticles and their 3-D superlattices 
The most interesting properties of the Ag-Au alloy nanoparticles are their linear and 
nonlinear properties due to SPR. As we now have the capability to synthesize 
monodisperse Ag-Au alloy nanoparticles with independently tunable composition, 
size and morphology (Chapter 6), a mapping of the linear and nonlinear optical 
properties of the alloy nanoparticle properties on their morphology, size or 
composition would be possible. This would enhance the understanding of the physics 
of noble metals on the nanometer scale underlying these interesting properties. We 
                                                                                                                                                  Chapter 9 
 161
have also demonstrated that the monodisperse alloy nanoparticles could self-assemble 
into 3-D superlattices with long-range order. The optical properties of the 
superlattices should also be investigated to exploit the possibility to produce new 
mesoscale materials or devices with unbeknown optical properties. 
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